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ABSTRACT 
 
Darren William Hearn: Combining Individual Kinetic and Kinematic Profiles: A Novel 
Approach to Injury Prevention 
(Under the direction of Darin Anthony Padua) 
 
Musculoskeletal injury related to fitness and training represent an extraordinary burden to 
the individual, the workplace, and the healthcare system.  Though injury incidence can exceed 
79% for some training, our ability to identify those at greatest risk for sustaining injury is 
limited.  The validity of screening techniques appears dependent on the population and have 
come under recent scrutiny.  
The purpose of this dissertation was to investigate how demographic, performance, and 
biomechanical variables, both individually and in combination, correlate with survival time to 
and hazard of musculoskeletal injury during cadet basic training at the United States Military 
Academy (USMA).  We hypothesized that females, those with a history of injury, greater BMI, 
lesser cadence, those who move poorly, and those with poor performance on their physical 
fitness test would exhibit greater hazard of injury during training.   
Subjects were cadets entering cadet basic training in Summer, 2018.  Data were collected 
using questionnaires, physical fitness tests, kinematic software, and wearable accelerometers.  
Injury surveillance was conducted over the first 60 days of training.  Descriptive statistics and 
time to event analyses including the derivation of Kaplan Meier curves, Log Rank tests, and Cox 
proportional hazard regression modeling were used to address the research questions.   
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A total of 595 participants met inclusion criteria and 97 sustained injury during the follow 
up period.  Key observations included that most injuries occurred during weeks three and four of 
training; greater hazard for musculoskeletal injury was observed in females, those with a history 
of injury, poor movement and a poor physical fitness test score.  However, hazards were unique 
to the individual based on modifiable and non-modifiable characteristics.   
Our observations suggest that multivariable risk modeling using survival analysis is an 
effective means of identifying those at greatest risk for sustaining musculoskeletal injury risk 
during training.  Using carefully selected variables including demographic, movement, and 
performance variables appears to produce the most precise models.  However, model precision is 
dependent upon individualized factors and care should be taken to understand how the presence 
of unmodifiable variables influence risk.   
  
 
 v  
ACKNOWLEDGEMENTS 
 It is with the utmost gratitude to my God, advisor, committee, and family that I humbly 
submit this dissertation.  Without the guidance, assistance, and support of all of you I would 
never have accomplished this life goal. 
 Lord, without your continued guidance, I would lead an aimless life.  Each experience 
and unexpected turn leaves me more grateful to You.  Thank you. 
To my advisor, Dr. Darin Padua, it is difficult for me to express my level of gratitude in a 
few sentences.  First, I am extraordinarily thankful for your decision to start advising me four 
years ago.  I can confidently say that it is largely because of you that I enjoyed achieving this 
degree as much as I did.  Second, I learned more from you than you realize. Your calm, 
consistent approach to leadership, scholarship, mentorship, and life in general is something I 
home to emulate moving forward.  Third, I simply enjoyed your presence.  I have always looked 
forward to our conversations, no matter how brief and I sincerely hope we can continue to share 
time and ideas for years to come.  You are truly a gentleman, scholar, and a friend. 
To my committee members, your intelligence and willingness to devote your time to 
others is impressive. I have great respect for each of you and hope we can continue to collaborate 
in the future. 
Dr. Marshall, I wish to thank you not just your knowledge, but also the simplistic manner 
in which you are able to share that knowledge.  Your ability to explain the complex is something 
that few with your level of intellect possess.  I am also thankful for your guidance and attention; 
whether face to face or have the world away, you made time for me.  Thank you. 
 
 vi  
Dr. Kerr, you are perhaps one of the most caring individuals I met during my time at 
UNC.  You often reached out, both personally and professionally to ensure that I was pushing 
forward in a healthy manner.  You shared difficult parts of your life with me and listened to me 
share as well.  I value your friendship a great deal.  Professionally, your detailed feedback often 
made me dig deeper and your encouragement to become an expert in a field and a process 
benefited me greatly.  Thank you. 
Dr. Wikstrom, your foresight and casual delivery is something that I have appreciated 
since we first interacted over three years ago.  You seem to have an uncanny ability to identify 
details that will be important in the future and that has saved me a great deal of that most 
precious commodity; time.  Your casual but professional delivery is also something I hope to 
take with me as I embark on an academic career.  I always felt at ease, but knew I was learning at 
the same time.  Thank you.  
Dr. Cameron, you are an incredibly busy and productive person who somehow never 
seemed to be in a hurry when you spoke with me and I appreciate that.  There is honestly no way 
that I could have done any part of the research process without your assistance.  You patiently 
allowed me to request ever more information and facilitate so much of what we continue to do at 
UNC.  Additionally, your guidance on presenting information and data is invaluable.  I fully 
understand how blessed I am to have you on my committee. Thank you.   
Dr. Goss – Don, from the first time I set foot in your office in 2013, you have supported 
and guided me.  I look to you as an example for so many things in my life and I hope you realize 
that.  Your service to God, country, family, and friends is obviously at the heart of everything 
you do.  I cherish your friendship and am so glad you could help lead me in this part of my life.  
You have even convinced me to try golf!  Thank you.   
 
 vii  
To my family, you are incredible and I am nothing without you.  As a whole, you have 
encouraged me, motivated me, and helped me more than you know. 
Ava, your beautiful face, pure and giving heart, and love is simply heaven sent.  Pulling 
up at the house at the end of the day and seeing you run out to meet me made every day worth it.  
I love you baby girl! 
Owen, you are a smart, handsome and caring young man.  During the time of this degree, 
you have moved from a boy to a young man.  I am incredibly excited to see what you do and 
accomplish.  I love you son! 
Finally, to my incredible wife, you are simply amazing.  I could not and would not want 
to do life without you.  Many say that their wife is their rock and you are no exception, but I 
would say you are also my balance.  You have shown me different perspectives, different 
approaches, made me realize I needed to be concerned when I was not, and helped me dismiss 
trivial things about which I was far too worried.  You are the best thing that has ever happened to 
me and I mean that.  Simply saying thank you will never be enough but thank you and I love you 
more every day I'm blessed to wake up next to you.   
 
 
 viii  
 
TABLE OF CONTENTS 
LIST OF TABLES AND FIGURES ........................................................................................ xiv 
LIST OF ABBREVIATIONS ................................................................................................. xvii 
CHAPTER 1: INTRODUCTION AND AIMS ........................................................................ 1 
Section 1: Summary of Importance ......................................................................................... 1 
Section 2: Specific Aims ......................................................................................................... 6 
Specific Aim 1: ................................................................................................................... 6 
Specific Aim 2: ................................................................................................................... 8 
Specific Aim 3 .................................................................................................................. 14 
CHAPTER 2: LITERATURE REVIEW ................................................................................... 20 
Section 1:  Scope and Nature of the Issue: Injury Epidemiology, Cost, and Pathophysiology 20 
Popularity and Benefits of Physical Training ..................................................................... 20 
Epidemiology of Training Related Musculoskeletal Injury ................................................ 22 
Cost of Running-related Training Related Injury ............................................................... 25 
Pathophysiology of Running Related Injury ...................................................................... 27 
Neuromuscular System Contribution to Capacity .............................................................. 36 
Section II: Understanding Factors Related to Injury .............................................................. 39 
Kinetic Patterns Associated with Injury ............................................................................. 39 
 
 ix  
Kinematic Characteristics Associated with Injury ............................................................. 43 
Ability to Alter Kinematic and Kinetic Variables .............................................................. 50 
Load and Musculoskeletal Injury ...................................................................................... 56 
Importance of Using Time to Event Analysis .................................................................... 63 
CHAPTER 3: METHODS ........................................................................................................ 65 
Section 1: Study Design ........................................................................................................ 65 
Section 2: Study Participants ................................................................................................. 67 
Section 3: Data Collection .................................................................................................... 69 
Aim 1 ................................................................................................................................ 69 
Aim 2 ................................................................................................................................ 71 
Section 4: Statistical Analyses .............................................................................................. 80 
Aim 1 Initial Precision Capability Analysis ....................................................................... 80 
Aim 1 Descriptive Analysis .............................................................................................. 81 
Aim 2 Initial Precision Capability Analysis ....................................................................... 83 
Aim 2: Descriptive Statistics, Variable, and Group Comparison ........................................ 85 
Aim 3 Initial Precision Capability Analysis ....................................................................... 90 
Aim 3 Model Comparison ................................................................................................. 95 
CHAPTER 4 (MANUSCRIPT 1): MUSCULOSKELETAL INJURY IN CADET BASIC 
TRAINING: A SURVIVAL ANALYSIS ................................................................................. 98 
Background .......................................................................................................................... 98 
Methods .............................................................................................................................. 100 
 
 x  
Participants and Data Collection ..................................................................................... 100 
Injury Surveillance and Outcomes ................................................................................... 101 
Demographic and Historical Injury Data ......................................................................... 102 
Results ................................................................................................................................ 103 
Central Tendency Measures of Times to Event................................................................ 103 
Survival Analysis Results and Comparison ..................................................................... 107 
Discussion .......................................................................................................................... 112 
Cumulative Incidence for Injury Outcomes of Interest .................................................... 112 
Differences in Survival by Sex ........................................................................................ 112 
Differences in Survival by History of Injury .................................................................... 114 
Differences in Survival by BMI ...................................................................................... 114 
Limitations...................................................................................................................... 115 
Strengths ......................................................................................................................... 115 
Future Studies ................................................................................................................. 116 
Conclusion .......................................................................................................................... 117 
CHAPTER 5 (MANUSCRIPT 1): EFFECTIVE INJURY SCREENING IN THE CADET 
POPULATION : A MULTIVARIABLE, TIME TO EVENT APPROACH ............................ 118 
Background ........................................................................................................................ 118 
Methods .............................................................................................................................. 122 
Participants ..................................................................................................................... 122 
Injury Surveillance and Outcomes ................................................................................... 123 
LESS Screening .............................................................................................................. 124 
 
 xi  
Instrumentation ............................................................................................................... 125 
Historical Injury Data...................................................................................................... 125 
BMI and Aerobic Capacity.............................................................................................. 125 
Statistical Analyses ......................................................................................................... 126 
Results ................................................................................................................................ 127 
Variable Delineation ....................................................................................................... 129 
Survival Time Until Musculoskeletal Injury .................................................................... 131 
LESS and Cadence: The "Movement Model" .................................................................. 133 
PT run score and BMI: The "Performance Model" .......................................................... 135 
The "All Variable Model" ............................................................................................... 136 
Discussion .......................................................................................................................... 138 
LESS and Cadence: The "Movement Model" .................................................................. 138 
PT run score and BMI: The "Performance Model" .......................................................... 139 
PT run score and LESS: The All Variable Model ............................................................ 140 
The Multivariate Nature of Injury Risk ........................................................................... 141 
Limitations...................................................................................................................... 141 
Strengths ......................................................................................................................... 141 
Future Studies ................................................................................................................. 142 
Conclusion .......................................................................................................................... 142 
CHAPTER 6 (MANUSCRIPT 1):  UNDERSTANDING MODIFIABLE AND 
UNMODIFIABLE VARIABLE EFFECT ON OVERALL MUSCULOSKELETAL INJURY 
RISK & AN OVERALL SUMMARY OF FINDINGS ........................................................... 144 
 
 xii  
Background ........................................................................................................................ 144 
Methods .............................................................................................................................. 145 
Modifiable Variable Collection ....................................................................................... 146 
Non-modifiable Variable Collection................................................................................ 147 
Injury Definition, Surveillance, and Outcomes ................................................................ 147 
Statistical Analyses ......................................................................................................... 148 
Results ................................................................................................................................ 148 
Variable Delineation ....................................................................................................... 149 
Measures of Central Tendency ........................................................................................ 151 
Univariate Analysis ......................................................................................................... 151 
Comparison of Modifiable Variables ............................................................................... 154 
Comparison of Non-Modifiable Variables ....................................................................... 156 
Discussion .......................................................................................................................... 157 
Univariate Modeling ....................................................................................................... 157 
Relation to Existing Evidence ......................................................................................... 158 
Comparison of Modifiable Variables ............................................................................... 158 
Comparison of Non-Modifiable Variables ....................................................................... 159 
Summary of Risk Association ......................................................................................... 160 
Summary ............................................................................................................................ 161 
Review of Aims .............................................................................................................. 161 
Summary of Observations ............................................................................................... 164 
Power Considerations ..................................................................................................... 166 
Clinical and Practical Applications .................................................................................. 167 
 
 xiii  
Future Analysis and Research Application ...................................................................... 167 
Conclusion .......................................................................................................................... 169 
APPENDIX 1: ICD 10 CODES INCLUDED ......................................................................... 170 
APPENDIX 2: BASELINE QUESTIONNAIRE (BLQ) ......................................................... 172 
APPENDIX 3: SAMPLE ACCELEROMETER REPORT ...................................................... 179 
APPENDIX 4: LIFE TABLES ............................................................................................... 180 
APPENDIX 5: DEFINITIONS OF CADET BASIC TRAINING EVENTS ............................ 187 




 xiv  
LIST OF TABLES AND FIGURES 
 
Table 1: Aim 1 Research Questions and Variables of Interest…………...………….….…………7 
Table 2: Aim 2 Research Questions and Variables of Interest…………………….……….…….13 
Figure 1: Categorization Technique for LESS Score……….……………………………………14 
Figure 2: Categorization Technique for PT Score…………………………………….………….15 
Table 3: Aim 3 Research Questions and Variables of Interest…………………….……….…….19 
Figure 3: Bertelsen et al's Graphical Representation of Tissue Capacity…………….…………..29 
Figure 4: Bertelsen et al's Illustration of Structural Capacity and Load Leading to Injury……....31 
Figure 5: Soligard et al's Representation of Tissue Capacity Over Time………….……………..33 
Figure 6: Bertelsen et al's Continuum of Tissue Injury……………….………………………….33 
Figure 7: Dye's Explanation of the Envelope of Function……………………….………………60 
Table 4: Summary and Delineation of Key Variables…………………………….……………..78 
Figure 8: Kaplan Meier Curve (taken from Gabbet et al)……………………….………….……81 
Figure 9: Demonstration of Proportional Hazards……………………………….………………86 
Figure 10: Initial Design of Combined Risk Matrix………………………………..…………….91 
Figure 11: Final Design of Combined Risk Matrix……………………………………….……...92 
Figure 12: Study Flow Diagram………………………………………………….……………..105 
Table 5: Summary of Baseline Demographic Factors…………….…………………………….106 
Table 6: Injury characteristics by sex, injury history, and body mass index (BMI)……………107 
Figure 13: Kaplan Meier Curves by Sex………………………………………………….…….108 
Figure 14: Kaplan Meier Curves by History of Injury………………….………………………109 
Figure 15: Kaplan Meier Curves by BMI……………………………………………….………110 
Table 7: Univariate Comparisons of Hazard Ratio by Variable………………………..………..111 
 
 xv  
Figure 16: Extended Study Flow Diagram…………………………………….………………..123 
Table 8: Log Rank Analysis of Non-modifiable Variables……………………….…………….128 
Figure 17: ROC Curve Analysis for Cadence………………………………….……………….129 
Figure 18: ROC Curve Analysis for LESS Score………………………………………………130 
Figure 19: ROC Curve Analysis for PT Run Score…………………………………………….130 
Figure 20. "Movement Model" (LESS and Cadence) Risk Categorization………………….….131 
Figure 21: "Performance Model" (PT Performance and BMI) Risk Categorization……….…...131 
Table 9a: Central Tendency Time to Injury (in days) for Control Variables……….…………..132 
Table 9b: Central Tendency Time to Injury (in days) for Model Variables……………………133 
Table 10: Univariate Cox Proportional Hazard Modeling by Variable………………………...134 
Table 11: Cox Proportional Hazard Modeling of the "Movement Model"………………….….135 
Table 12: Cox Proportional Hazard Modeling of the "Performance Model"……………….…..136 
Table 13: Cox Proportional Hazard Modeling of the "All Variable Model"…………………...137 
Table 14: Akaike Information Criterion (AIC) Comparison Across Models …………………..137 
Figure 16: Extended Study Flow Diagram…………………..…………………………………..146 
Figure 18: ROC Curve Analysis for LESS Score………………………………………………150 
Figure 19: ROC Curve Analysis for PT Run Score…………………………………………….150 
Table 15: Central Tendency Time to Injury (in days) by Variable……………………...……...151 
Figures 22a-d: Kaplan Meier Curve Comparison by Variable………………………….………153 
Table 16: Log Rank Test Results by Variable……………………………………….………….154 
Table 17: Cox Proportional Univariate Hazard Modeling by Variable……………….………...154 
Table 18: Hazard Ratio Comparison of Modifiable Variables by Sex………………….………156 
Table 19: Hazard Ratio Comparison of Modifiable Variables by History of Injury……….…...156 
 
 xvi  
Table 20: Hazard Ratio Comparison of Nonmodifiable Variables by PT Run Score…….…….157 
Table 21: Hazard Ratio Comparison of Nonmodifiable Variables by  LESS Score…….……...157 
Table 1: Aim 1 Research Questions and Variables of Interest……………………….…………161 
Table 2: Aim 2 Research Questions and Variables of Interest…………………….…….………162 
Table 3: Aim 3 Research Questions and Variables of Interest………………….…….…………163 




 xvii  
LIST OF ABBREVIATIONS 
 
ACL    Anterior Cruciate Ligament 
ACWR   Acute to Chronic Workload Ratio 
CV    Cardiovascular 
IET    Initial Entry Training 
LESS    Landing Error Scoring System 
LR    Loading Rate 
MTSS    Medial Tibial Stress Syndrome 
PBF    Peak Braking Force  
ROM    Range of Motion 
TJA    Tuck Jump Assessment 
TRMI   Training Related Musculoskeletal Injury(ies) 
VALR    Vertical Average Loading Rate 
vGRF    vertical Ground Reaction Force 
VILR    Vertical Instantaneous Loading Rate 
VIP    Vertical Impact Peak 
 
 
 1  
CHAPTER 1: INTRODUCTION AND AIMS 
 
Section 1: Summary of Importance 
  
Fitness, strength and conditioning, tactical and sport training are an important part of life 
for millions of Americans and billions of people world-wide.  Some 24.5% of all Americans 
participate in a regular fitness routine and activities like running continue to generate billions of 
dollars of revenue and attract tens of millions of participants in the US alone.1–3  Along with the 
sense of community and challenge, the health benefits of the pursuit of fitness are undoubtedly 
part of the allure and include providing a means of weight gain attenuation, improving cardio-
vascular function, and decreasing all-cause mortality.4–7  In an increasingly sedentary and obese 
society, training as a pursuit of fitness is provides distinct individual and societal benefit.   
 Beyond leisure and recreational participation, fitness training is also a valuable tool used 
by multiple sports and activities.  It is particularly useful in military training and evaluation.  
Every branch of the US Armed Services incorporates fitness training at every level from initial 
entry training (IET) to elite special operations.  For example, each branch uses running as an 
evaluation of cardiovascular function having running as a component of every physical 
assessment.  
 Despite its immense popularity and established benefits to general health and tactical 
prowess, training is not without risk of injury. Musculoskeletal injuries are commonplace in 
populations focused on fitness and training.  Incident injury is particularly concerning for athletic 
groups with a high volume of physical load (such high exposure to running) and can exceed 
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79%, but varies widely depending on the population.8–10   In fact, when specifically viewing 
running as a training tool, the incidence of musculoskeletal injuries can be as high as 92%, 
though the range varies widely depending on the time range of the study and subpopulation of 
runner evaluated.8–12 In the military population specifically, running performed during physical 
training is estimated to be the cause of 36% of all musculoskeletal injuries.13 In the IET 
environment, the risk for musculoskeletal injury is greater.  Historically in that population, lower 
extremity musculoskeletal impact activity was associated with up to 78% of injuries.14  Though 
that percentage was thought to have decreased due to intervention including mileage 
restriction,14 a recent study by Hauschild et al15 found that 75% of all musculoskeletal injuries 
are due to "cumulative microtraumatic injuries caused by repeated low intensity forces."  
The costs of training related musculoskeletal injuries (TRMI) in the military are 
detrimental to the individual, overall force readiness, and the taxpayer, To the individual, injury 
can mean delays in completion of training.  For example, should a trainee sustain a stress 
fracture, an unusually common TRMI in the military,15 he or she will miss an average of 93 days 
of training.16  With the Army already short of its end strength goals,17 force readiness suffers 
when injuries prevent the completion of training. The financial cost is equally devastating.  In a 
recent study of Army IET soldiers only, musculoskeletal injuries cost the taxpayer approximately 
$200 million annually.15  With TRMI representing a substantial percentage of those injuries, 
some form of injury mitigation is required.   
 Ideally, injury mitigation would occur by identifying what factors make a person more 
susceptible to sustaining that injury and using that information to identify those at greatest risk.  
Intervention would then occur by adjusting, improving, or negating susceptibility factors.  
Unfortunately, neither the identification, nor the adjustment of the susceptibility factors is simple 
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or straight forward.  Susceptibility factors like sex, previous injury, or BMI are often largely 
unmodifiable at the time of potential intervention but must be included in modeling of injury 
risk.  Current processes used to identify those at greatest risk of sustaining injury require 
improvement, particularly when applied to large groups of people.18,19  This often leaves 
clinicians, coaches, and military leaders without a pragmatic, valid risk identification tool.   
In an attempt to improve the ability for clinicians, coaches, and military leaders to 
identify those at greatest risk for TRMI, we proposed a novel solution.  Often, injury risk 
screening evaluates a single type of risk factor, usually a kinetic, kinematic, or performance-
based variable.  Additionally, the outcome of the prediction model is normally based on the 
binary outcome of injury or no injury.  As was previously mentioned, however, most athletes or 
Soldiers will eventually sustain injury.  We proposed the creation of a predictive model that 
combined multiple variables including movement quality, cadence, and performance; and 
evaluated how those risk factors influenced time until injury.  Risk factors assessed included 
non-modifiable covariates and those variables that are modifiable and could be screened in a 
pragmatic manner that can be recreated without the use of expensive laboratory equipment and in 
minimal time. 
To assess movement quality, we used the Landing Error Scoring System (LESS).  The 
LESS is a graded jump landing task that has been validated as a tool to identify biomechanical 
risk factors associated with injury.20 Moreover, LESS items have been correlated to injury, 
specifically stress fracture in the IET population.21  The LESS has also been recently automated, 
allowing the tester to have instant access to the results and immediately understand the athlete's 
or soldier's movement quality risk factors.  Researchers recently validated LESS automated 
grading using Physimax® software in the IET population.22 
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While kinematic risk factor identification has been continually improved and refined 
leading to immediate and valid identification as with Physimax, kinetic risk factors have proven 
more difficult to simplify.  Though there are kinetic risk factors that have been correlated with 
injury risk, namely the loading rate of the vertical ground reaction force,23,24 the assessment of 
these risk factors often requires laboratory equipment and cannot easily be deployed in a field 
setting without prohibitively expensive equipment.  Surrogate variables however, specifically 
cadence, are easily measured outside the laboratory.  Cadence is highly correlated with kinetic 
variables including loading rate, particularly when altered from baseline.25–28 It is also easily and 
reliably assessed using an accelerometer that costs a nominal amount of money in comparison to 
laboratory forceplates.29,30 Lastly cadence is easily modifiable using simple biofeedback and the 
modification, along with its subsequent injury risk reduction, is enduring.31,32 For those reasons, 
we used cadence as a surrogate kinetic variable in our predictive model.   
To evaluate the subject’s level of fitness, we used the score from the run portion of the 
Physical Fitness Test (PFT).  Subjects ran two miles over level terrain and received a score 
according to pre-established criteria based on age and sex.33 There is strong evidence of 
correlation between poor performance on an fixed length run test and incident musculoskeletal 
injury.34 Specific to the military population, performance on the aerobic (running) portion of 
military physical fitness tests has also been shown to be correlated with sustaining 
musculoskeletal injury.35,36     
The strength and novelty of this manuscript lies as much with the analysis as with the 
multivariable approach. Much of the existing research on predictive modeling of TRMI uses the 
dichotomous result of either injury or no injury, then comparing injured and non-injured groups 
to understand if there were significant differences between test variables. For example, a typical 
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analysis for these data would include a t-test between groups to attempt to determine if there was 
a statistically significant difference in performance scores between those who went on to sustain 
injury and those who did not.  While this provides valuable initial data, we chose to refine the 
question and in doing, take full advantage of the temporal detail collected with our data as well 
as the ability to use censoring in the analyses.  Rather than seeking to understand if certain scores 
or risk factors were correlated with incident injury, we attempted to determine if risk factors 
were correlated to differences in injury survival and hazard using time to event analysis.  Given 
the strong likelihood of sustaining a TRMI in this population, we determined this to be a more 
realistic view and analytical approach to the data.  These analyses perhaps more importantly 
afford us the opportunity to better understand the factors that increase or decrease TRMI 
survivability. We can not only address those factors with specific intervention, but we can also 




 6  
Section 2: Specific Aims 
 
Specific Aim 1: To investigate the general musculoskeletal injury survivability, measured as 
days of training, for a USMA New Cadet during CBT. 
Questions:  
1.1 What was the mean, median, and distribution of survival time until the first reported 
TRMI during CBT? 
1.2 What is the mean, median, and distribution of survival time until bone stress injury? 
1.3 What is the mean, median, and distribution of survival time until soft tissue injury?  
Hypotheses: 
Hypothesis 1:  Specific Aim 1 is descriptive in nature.  We anticipated that our time to event 
analyses would highlight diverging survival time and that the survival curves (derived using the 
Kaplan Meier estimate) may correspond to preceding high load training events (i.e. foot march, 
PT test, etc.)    
Rationale: 
 Much of the previous epidemiological research in the field of TRMI has used overall 
incidence and prevalence of injury,9,12,37 with very little research specifically designed to 
understand injury trends as they relate to the timing of training and changes in training load 
experienced by this population. There is, however, evidence to suggest a load-injury response 
relationship in tactical athletes in general38 and with periodic spikes inherent in training loads 
during basic training, we should reasonably expect a correlation between major training events 
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Table 1 : Aim 1 Research Questions and Variables of Interest 
 
Research Question Variable of Interest  
1.1 What is the mean, median, and 
distribution  of survival time until the first 
reported TRMI during CBT? 
Mean, median and distribution of survival 
time 
1.2 What is the mean, median, and 
distribution  of survival time until bone stress 
injury? 
Mean, median and distribution of survival 
time 
1.3 What is the mean, median, and 
distribution of survival time until soft tissue 
injury?  
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Specific Aim 2: To investigate the univariate impacts of sex, previous injury, movement quality, 
BMI and cadence on TRMI survivability during CBT. 
2.1 Is there a significant difference in TRMI survivability between men and women? 
2.2 Is there a significant difference in TRMI survivability between those with a history of 
previous injury and those without? 
2.3 Is there a significant difference in TRMI survivability between those with "good" 
kinematic movement patterns and those who demonstrate "poor" kinematic 
movement patterns?  
2.4 Is there a significant difference in TRMI survivability between those who 
demonstrate "high" cadence and those who demonstrate "low" cadence?" 
2.5 Is there a significant difference in TRMI survivability between those who have a 
“good” score on the run portion of the PT test and those who have a “poor” score? 
2.6 Is there a significant difference in TRMI survivability between those who have a 
high-risk BMI and those who have a low risk BMI? 
Hypotheses: 
Hypothesis 2:  Individuals who have demonstrate lesser time until initial TRMI will demonstrate 
different cadence and movement patterns from those with greater time until initial TRMI.   
 2.1 Male subjects will demonstrate a significantly greater survival time until initial TRMI  
than female subjects 
2.2  Subjects who report no history of previous injury will demonstrate a significantly  
greater time until initial TRMI than those who report history of injury.   
2.3  Those subjects with "good" kinematic patterns as defined by their LESS score will  
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demonstrate a significantly greater time until initial TRMI than those who 
demonstrate "poor" kinematic movement patterns.    
2.4  Those subjects with a "high" cadence will demonstrate a significantly greater time  
until initial TRMI than those who demonstrate a "low" cadence.   
2.5 Those with a “good” score on the run portion of the PT test will demonstrate a  
significantly greater survival time until initial TRMI thon those with a “poor” score. 
2.6 Those with a low risk BMI will demonstrate a significantly greater survival time  
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Rationale:  
2.1  
There is a significant amount of literature evaluating the epidemiology of TRMI and we 
can use these data to understand sex differences.  In their recent systematic review on running 
injuries specifically, for example, Van der Worp et al9 found that men typically have more 
injuries than do women, though incidence ranges were similar (25% to 79.5% for men and 
19.8% to 79.1% for women).  However, the studies contained in this review were of the general 
athletic population and did not use studies from the military.  In the military population, women 
are injured at a rate nearly twice that of their male counterparts,39 particularly less fit women.40  
We thus expect that in this population, men will demonstrate a greater survival time until the first 
reported TRMI. 
2.2 
Previous injury is a well-known predictor of future injury in many sports and activities.  
Those in both civilian and military populations with a history of previous injury are at greater 
risk for sustaining another injury than those without history of previous injury.12,28,41  We thus 
hypothesize that those without a history of injury prior to beginning CBT will demonstrate a 
greater time until first reported TRMI.   
2.3 
Research previously conducted in the military training environment at USMA  has shown 
movement quality assessment, specifically the LESS, to be predictive of stress fracture risk 
during CBT.21 Given that stress fractures are a common injury in the military basic training 
environment15,39 and that the LESS has shown to be predictive of other musculoskeletal injuries 
in the youth athlete population,42 we expect the movement quality as defined by LESS score to 
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contribute significantly to a survivability prediction model.  To date, the LESS has not been 
evaluated using time to event analysis, either independently, or in combination with another 
screen.    
2.4 
The evidence linking cadence to musculoskeletal injury is less direct than that of the 
LESS. There is no direct, published evidence known to the author that directly evaluates cadence 
and injury. Manipulating cadence has, however, been shown to decrease ground reaction forces 
related to injury with the relationship overwhelmingly showing the greater the cadence, the lesser 
the ground reaction forces, including the component loading rate.25–28  Cadence, thus offered a 
novel opportunity because of its correlation with these kinetic variables. Often variables, be they 
kinematic or kinetic, are evaluated independently.  Cadence offered the ability to add in a 
surrogate kinetic variable that is easily and efficiently assessed and evaluate its use here as a 
single variable and then in a multi-variable model (outlined in Aim 3).  We expected those with 
greater cadence to demonstrate a greater time until initial TRMI. As an important note, this aim 
of our research also offered the ability to evaluate the direct correlation between cadence and 
TRMI in a prospective manner using time to event analysis.   
2.5 
 There is a growing body of evidence linking musculoskeletal injury to military physical 
fitness tests.  Performance on the aerobic (running) portion of military physical fitness tests has 
been shown to be correlated with sustaining musculoskeletal injury in a variety of military 
populations.35,36,43  Though we do not suggest that performance itself is directly related to injury, 
our reasoning was that good performance on the aerobic portion of the PT test indicated a greater 
level of fitness entering training and thus, a greater tolerance to load.   
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2.6 
BMI has been shown to be correlated with musculoskeletal symptoms in the general 
population44 and musculoskeletal injuries in the active population.9,45,46 In the military, high 
BMI47–49 and underweight BMI45,48 have been found to be correlated to injury.  For these 
reasons, we hypothesized that those with either an underweight BMI, which we defined as <20, 
or an obese BMI ≥30 would have a lesser survival time until initial musculoskeletal injury than 
those with a middleweight BMI.  For the obese individuals we reasoned that it was both a 
reflection of their conditioning as well as additional bodyweight load for the tissue.  For 
underweight individuals, we reasoned that the load required as an individual standard (i.e. during 
ruck marches) would be comparatively greater for the underweight individual.   
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2.1 Is there a significant difference in TRMI 
survivability between men and women? 
 
Sex of the Subject Time until first 
TRMI 
2.2 Is there a significant difference in TRMI 
survivability between those with a history of 
previous injury and those without? 
Previous Injury Status  Time until first 
TRMI 
2.3 Is there a significant difference in TRMI 
survivability between those with "good" 
kinematic movement patterns and those who 




Time until first 
TRMI 
2.4 Is there a significant difference in TRMI 
survivability between those who demonstrate 
"high" cadence and those who demonstrate 
"low cadence?" 
Cadence Category Time until first 
TRMI 
2.5 Is there a significant difference in TRMI 
survivability between those who have a “good” 
score on the run portion of the PT test and those 
who have a “poor” score?  
PT Run Score 
Category 
Time until first 
TRMI 
2.6. Is there a significant difference in TRMI 
survivability between those who have a high-
risk BMI and those who have a low risk BMI? 
BMI Risk Category Time until first 
TRMI 
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Specific Aim 3: To investigate the predictive ability of a multivariable model for TRMI, 
controlling for unmodifiable risk factors 
3.1 Is there a significant difference in time until initial TRMI between those with a combined 
high overall movement impact risk versus those with a combined low risk? 








GREEN: LOW OVERALL RISK 
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3.2 Is there a significant difference in time until initial TRMI between those with a combined 
high overall performance risk versus those with a combined low risk? 
Figure 2: Categorization Technique for PT Score 
 
3.3 When controlling for unmodifiable variables including sex and previous injury, is the 
model of TRMI survivability that contains both movement quality and cadence predictor 
variables significantly different than the survival model with movement quality alone?  
3.4  When controlling for unmodifiable demographic variables, is the model of TRMI 
survivability that contains both movement quality and cadence predictor variables significantly 
different than the survival model with cadence alone? 
3.5 When controlling for other unmodifiable demographic variables, is the model of TRMI 
survivability that contains both BMI and PFT run performance predictor variables significantly 
different than the movement impact predictor model? 
3.6        Is a there a multivariable model containing elements of both movement and performance 

















































GREEN: LOW OVERALL RISK 
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Hypotheses: 
3.1  Those subject with a "low" overall combined movement impact risk will demonstrate 
significantly greater time until initial TRMI than those who demonstrate a "high" overall 
combined risk.  
3.2  When controlling for sex and previous injury, individuals with normal BMI who 
score in the excellent category on their PFT run will demonstrate a significantly greater survival 
and a significantly decreased hazard ratio than those obese individuals with poor performance on 
the PFT run.  Additionally, obese individuals with an excellent score on the PFT run will also 
demonstrate a greater hazard of TRMI than those with normal BMI and excellent scores on the 
PFT run.  
3.3   When controlling for unmodifiable demographic variables, the model of LE 
musculoskeletal survivability that contains both movement quality and cadence will more 
accurately predict risk of TRMI than the model that contains movement quality alone. 
3.4  When controlling for unmodifiable demographic variables, the model of LE 
musculoskeletal survivability that contains both movement quality and cadence will more 
accurately predict risk of TRMI than the model that contains cadence alone. 
3.5 When controlling for other unmodifiable demographic variables, the movement 
impact model will more accurately predict survivability than the model of TRMI survivability 
that contains both BMI and PFT run performance predictor variables.  
3.6 A multivariable model that includes unmodifiable risk factors along with performance 
and movement variables will be significantly correlated to hazard of TRMI and will have greater 
precision than the aforementioned models.    
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Rationale: 
 
3.1, 3.3, 3.4,3.6 
As outlined in Aim 2, we expect both movement quality and greater cadence to be 
positively correlated with survival time until first TRMI.  Normally in musculoskeletal injury 
research, modeling that assesses the predictive contribution of a single variable often controls for 
demographic and other unmodifiable factors, but often does not assess models containing 
multiple variables.  We are including a multi-variable analysis because by combining the 
predictive capabilities of two decidedly important variables, we expected the combination of 
movement screening and cadence to show greater predictability of TRMI survival than either 
variable alone.  Because TRMI occurs in individual human subjects who are by nature complex 
systems, it is illogical to assume outcomes are fully related to any specific variable.  By 
including multiple variables and using time to event analyses, we aimed to take a more complex 
systems approach to the problem while attempting to offer the clinician and coach variables that 
can be directly modified.    
 
3.2, 3.5 
Keeping the eventual benefit for the clinician at the forefront of our model development, 
we chose to evaluate the combined BMI and PFT run performance model to provide a multi-
variable comparison fully composed of variables that require that the clinician perform no tests 
outside of those which are already included in standard training.  We chose BMI and 
performance specifically because BMI has been shown to be correlated with musculoskeletal 
symptoms in the general population44 and a high BMI has been specifically correlated with 
running-related TRMI.9  Additionally, weight as a singular variable has also been correlated with 
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TRMI.9,50 Performance on the PFT run has also been shown in prior research with military 
personnel to be correlated with sustaining musculoskeletal injury.35,36 We, therefore, anticipated 
that greater BMI and poorer performance on the PFT run would have be correlated with lesser 
time to TRMI than would have "normal" BMI and excellent performance on the PFT run.  The 
noted red block for greater risk in the obese BMI and excellent performance on the PFT run 
category follows the logic of a spike of acute workload prior to starting USMA.  Those obese 
individuals who began training shortly before starting at USMA may well have improved their 
PFT run score prior to cutting weight substantial to move their BMI category.  Our rationale was 
that while those individuals may have reaped the benefit of an improved early PFT run score, 
they would have entered their military training in an overloaded state, and therefore have 
reduced capacity for additional loading.  We did, however, expect the model that included 
movement quality and cadence to more accurately predict survival time until TRMI partially 
because BMI in this population may be affected to a great degree by muscle mass rather than 
unhealth fat mass.   
 
3.6 
 Following the logic of the complex systems approach to address effective modeling of 
the individual, we hypothesized that a multivariable model consisting of those variables found to 
be significant in the univariate analysis would be the most precise model.  Initially, we 
anticipated that the model would likely include sex, BMI, injury history, cadence, movement 
pattern, and PFT run performance variables for reasons outlined above.    
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Table 3 : Aim 3 Research Questions and Variables of Interest 
  




3.1 Is there a significant difference in TRMI 
survivability between those with a high 
combined movement impact risk versus those 






Hazard ratio of 
TRMI 
3.2 Is there a significant difference in TRMI 
survivability between those with a combined 
high overall performance risk versus those with 




Hazard ratio of 
TRMI 
3.3 When controlling for unmodifiable 
variables including sex and previous injury, is 
the model of TRMI survivability that contains 
both movement quality and cadence predictor 
variables significantly different than the 
survival model with movement quality alone? 
Cadence Hazard ratio of 
TRMI 
Predictive accuracy 
as measured by 
AIC 
3.4 When controlling for unmodifiable 
demographic variables, is the model of TRMI 
survivability that contains both movement 
quality and cadence predictor variables 
significantly different than the survival model 
with cadence alone? 
Movement Category Hazard ratio of 
TRMI 
Predictive accuracy 
as measured by 
AIC 
3.5 When controlling for other unmodifiable 
demographic variables, is the model of TRMI 
survivability that contains both BMI and PFT 
RUN performance predictor variables 
significantly different than the movement 
impact predictor model? 
Model type Hazard ratio of 
TRMI 
Predictive accuracy 
as measured by 
AIC 
3.6 Is a there a multivariable model containing 
elements of both movement and performance 
in addition to unmodifiable variables that is 







Hazard ratio of 
TRMI  
Predictive accuracy 
as measured by 
AIC 
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CHAPTER 2: LITERATURE REVIEW 
 
Section 1:  Scope and Nature of the Issue: Injury Epidemiology, Cost, and Pathophysiology  
 
Popularity and Benefits of Physical Training 
 
The World Health Organization recommends at least 150 minutes of physical activity per 
week in order to combat the rising obesity epidemic.51  The benefits of physical activity are well 
documented and the percentage of Americans who meet physical activity guidelines has steadily 
increased over the last 20 years.3  Sports like running are among the most popular physical 
activities in the US with some 18 million persons registering for road races in 201852 and over 55 
million Americans participating in running each year. 1   
  The health benefits of physical activity are numerous.4–7 In a rigorous systematic review 
with meta-analysis, Oja et al’s observed that physical activity, particularly running and soccer, 
were associated with among other benefits, metabolic fitness and cardiac function. In a 21-year 
longitudinal study by Chakravarty et al5, all-cause mortality, disability, and rate of disability 
progression were lower in those who ran regularly. A distinct advantage to engaging in physical 
activity is that it is effective as even small doses have been shown to be effective in reducing 
mortality risk when compared to not exercising.7  Physical activity is also an effective means of 
weight gain attenuation in both men and women.6  There has been some debate on the question 
of the cardiovascular (CV) benefits and risks of high endurance physical activity like running 
marathons, 53,54 but there is sufficient evidence to suggest there is CV benefit in participating in 
more recreationally focused activity.4,7 
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Physical activity also represents a valuable training tool.  This is particularly true with 
running. The military uses physical activity including bodyweight and resistance training, 
calisthenics, and running to a large degree to rapidly enhance the physical training of their 
recruits and maintain fitness across the force.  Additionally, depending on the service, exercises 
such including push-ups, pull-ups, sit-ups and running are components of the physical fitness test 
that every American soldier, sailor, and airman must take at least yearly.  The use of running, in 
particular, for conditioning and testing extends beyond the American soldier to soldiers around 
the world.  It’s popularity and versatility make running ubiquitous in the athletic and military 
populations and because of its central role in training, I will focus on its correlation with injury in 
the following section.  
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Epidemiology of Training Related Musculoskeletal Injury 
 
Despite the multitude of health and training benefits, there is risk of musculoskeletal 
injury when training for sport or overall fitness. In sport, and particularly in military training, 
running is ubiquitous and therefore an analysis of TRMI must include a specific review of 
running related injury. The essential nature of running to military training is reflected in the 
findings that 36% of military TRMI are due to running,13,14,55 The following is an in-depth 
review on running related injury to better understand how risk assessment and mitigation can be 
performed to address this crucial part of training.  
The incidence of injury during running varies tremendously depending on the 
subpopulation studied, competitive level, age of the runner, etc., but has been reported in peer 
reviewed literature to be as high as 92%. 8–12 It should be noted, before specifically reviewing the 
epidemiology of running related musculoskeletal injury, that authors vary widely in their 
reporting of incidence and prevalence of injury.  Often both are presented as a percentage, 
meaning that the number reported is the number of new cases over the number of subjects 
studied.  Similarly, when prevalence is reported as a percentage, it is often understood to be the 
percentage of the population with that injury at any one time.  This is different than how 
incidence is described in epidemiologic literature, which often reports injuries or death using a 
rate.  Videback et al8 argued that incidence should be reported as a rate and specifically per 1000 
hours of participation but even reporting rates differ in their definition as we will see in the 
following paragraphs.  This often makes direct comparison difficult as does the definition of 
injury.  We see that distinction should be noted between reported injury and diagnosed injury, 
which significantly affects the reported rates.10 Nonetheless, a review of the literature shows that 
running related injury is common and affects a variety of anatomical locations and structures.     
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   Injuries are often sub-divided and studied by type or body area and the specific incidence 
and prevalence values reported in these more focused analyses bears reporting.  Tissue specific 
diagnosis is a frequent and helpful delineation.  Lopes et al10 performed a recent systematic 
review breaking injuries down in this manner.  Patellar tendinopathy was the running related 
injury with the highest incident rate at 22.7% and the most prevalent was plantar fasciitis at 
17.5%.10 The most frequently reported running related injury was medial tibial stress syndrome 
(MTSS) with an incidence rate that ranged between 13.6% and 20.0% in the studied manuscripts 
and a prevalence of 9.5%.10  Sobhani et al56 reported foot and ankle injuries to have an incidence  
of 250.0 per 1000 athletes per season in their systematic review and meta-analysis.  When 
analyzing Achilles tendinopathy specifically, Lopes et al10 found there to be an incidence of 
9.1% and 10.9% with a prevalence ranging between 6.2% and 9.5%.  
Running distance is also a way in which studies break down the population. For the 
purposes of this review, it is important to understand the injuries related to all distances as 
training requires athletes and/or Cadets to run both short and long distances.  Sprinters are often 
separated from other runners and tend to be injured in different anatomical locations.57,58 They 
tend to sustain injuries in the hip and upper leg whereas middle distance individuals (up to and 
including half-marathoners) tend to be injured in the knee.58  Marathoners (26.2 mile racers) and 
then ultra-marathoners (distance greater than 26.2 miles) also tend to have differing injury 
locations.10,58 A greater proportion of injuries in marathoners tend to occur in the lower leg than 
middle distance runners (29.9% vs 22.4%) though the proportion of injuries at the knee (26.6% 
vs 26.3%) are similar.   The most frequently reported running related injury ruing ultra-marathon 
races was Achilles tendinopathy (prevalence ranging from 2% to 18.5%).10  
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Running distance and the time loss injury proportion appear to have a U-shaped injury 
incidence according to Kluitenberg al.58   Videback et al8 found similar results noting that novice 
runners tend to be injured at greater rates than their more experienced counterparts 17.8 injuries 
per 1000 hours of running versus 7.7.    Ultra-marathoners as a sub-population, though often 
experienced runners, tend to have a proportion of their runners experience injuries that is similar 
to the proportion of novice runners that experience injury (64.6% and 84.9% respectively) 
depending on injury definition, length of study, etc.58 
In summary, though often considered by many who plan training to be low risk, running 
poses significant risk due to correlation to incident injury.  Bone and tendon appear to be the 
human tissues that are most frequently injured followed by fascia and muscle.  Bone and tendon 
appear to be related to chronic overloading/overuse whereas muscular injuries appear to be more 
acute and occur in sprinting populations.  For tissues injured by chronic overuse, there appears to 
be an ability to adapt to load to a certain point, which will be discussed further later in this 
document.   
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Cost of Running-related Training Related Injury 
 
Regardless of the type of training, epidemiological analyses suggest that injuries are 
common despite the clear health benefits previously articulated. Because of the frequency of 
injury, it is also important to appreciate the effect on the healthcare system and overall economy.  
The financial impact of TRMI underscores the importance of effective screening and mitigation 
strategies.  
The overall direct annual cost of musculoskeletal injury to the American economy is 
nearly $2 billion59 and with 34.1 injuries per 1000 estimated to be the rate of injury in the US,60 
related to sports and recreation alone, the cost of TRMI is immense.  The costs are not unique to 
the US, however.  Two recent prospective cohort studies from the Netherlands evaluated both the 
direct and indirect costs of TRMI in trail runners and in those preparing for a race.37,61  In both 
cases the cost of the each injury was just over 170 Euros with approximately 1/3 of the cost 
being direct healthcare cost and 2/3 being related to absenteeism from work.  More generally 
speaking, when articulating the cost for trail runners, Junior et al37 stated that "the total economic 
burden of [injury] was estimated at 1849.49 Euros per 1000h of running."  
In the military population specifically, the cost of TRMI is equally as burdensome.  
Hauschild et al15 found that the costs associated injuries sustained during Army initial entry 
training exceeded $200 million.  Injuries sustained during initial entry training to the knee alone 
cost the Army over $39 million.15  The average TRMI during basic training is estimated to cost 
$175562 and a single injury can cost over $100,000.63 The financial toll of TRMI is exponentially 
greater when one considers their role in long term disability, which cost the Veteran’s 
Administration over $19 billion in 2003,64 clearly highlighting the need for mitigation.   
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When considering cost mitigation, Junior et al61 emphasized another important injury 
classification: acute versus chronic.  They found that over time chronic injuries were more 
expensive while acute injuries were more expensive at any one time.  The concern with this 
statement for the health care system and to the individual is that chronic injuries occur more 
frequently than acute injuries particularly when running is involved with nearly 80% of injuries 
being overuse in nature.61,65,66    
Given the incidence of TRMI and the cost of the injury to both the individual and the 
system, a mitigation strategy is not simply beneficial, but necessary.  As the vast majority of 
injury is overuse in nature, before developing the mitigation strategy, it is necessary to 
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Pathophysiology of Running Related Injury 
 
Understanding how an overuse injury occurs starts at the tissue level.  Though the injury, 
how the patient or subject experiences the injury, and the outcome are all the result of a far more 
complex and interconnected system of events, the initial injury or injuries, are often tissue 
specific and far more often than not, the result of a chronic overload to the tissue.67,68 Some 
version of the load-capacity model is commonly used to describe the musculoskeletal injury 
process associated with running. In these models, all tissues have a capacity to tolerate a specific 
load type and magnitude prior to failure, and if the magnitude is excessive it will exceed the 
tissue’s capacity and injury will result.   
The model of tissue capacity begins with the baseline capacity of that tissue.  This initial 
capacity itself is somewhat complicated, however and bears some explanation.  As the majority 
of TRMI involve tendon and bone, a review physiology of repair and regeneration of these 
tissues is pertinent before developing this concept further.   
Beginning with tendon, healthy tissue is largely water and type I collagen.69  The array of 
the collagen fibers are oriented in such a way that they withstand the load commonly placed 
through that specific tissue.  When capacity is exceeded, even minimally so in the case of micro 
failure, there is an inflammatory response.  During this response, there is increased vascular 
permeability and following phagocytic activity, tenocytes are proliferated in the area and in the 
normal course of events will mediate the healing process.69  Normally speaking, type III collagen 
will be laid down and remodeling will occur with the end result being the tissue being made 
stronger.  This process occur each time capacity is exceeded for any tendon in the body.  It is 
imperative to understand that though the outcome is a tendon with greater load capacity, during 
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this repair process, the specific tendon that is being repaired has a diminished capacity.  
Tendinous tissue throughout the body may be in different stages of the repair cycle.    
Similarly, in bone there is a process by which bone is made stronger.  Although it could 
be argued that bone is more active tissue at baseline than is tendon because of constant 
remodeling, the principle of healing disruption due to chronic overloading is the same.  In 
healthy bone there is a constant balance between osteoclast activity of cannibalizing older bone 
tissue and osteoblasts building new bone tissue.70,71 The bone is normally formed in a manner to 
most efficiently withstand the forces put through it according to Wolf’s Law.70,71 The bone is 
normally formed in a manner to most efficiently withstand the forces put through it according to 
Wolf’s Law and is actually then changed through two distinct processes of modeling and 
remodeling.72,73  The boney process of remodeling is similar to tendons and is thus subject to the 
same potential for chronic overload and subsequent injury.74 Normally the bone undergoes a 
complex but orderly cycle that involves osteocytes and osteoclastic and osteoblastic activity.72  
When there is an accumulation of repetitive stress, however, the balance of osteoblastic activity 
and osteoclastic activity is disrupted and injury occurs.74,75 As is the case with tendon, different 
bones and even different parts of bones can be in different phases of repair and remodeling 
simultaneously and, therefore may have different baselines when load is applied.   
Once load is applied, tissue responds based on the amount and frequency of that load. 
There are multiple models of tissue response to load, but the premise for most of them are largely 
the same: tissue resides in a state of homeostasis with a baseline capacity of load at a given time, 
if the tissue is subject to a load that exceeds that capacity, the capacity is reduced while repair 
and regeneration occur, and then that capacity is restored, potentially at a different level than 
previous. Bertelsen et al68 provide a graphical representation of this concept in Figure 3.   
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A key point in this and other load-capacity models is that tissue capacity is dynamic and 
may increase (be stronger) or decrease (be weaker) over time based on a variety of factors. Thus, 
the load magnitude required to exceed the tissue’s capacity and result in injury can vary across 
time. Capacity can be exceeded in a single run, or over the course of multiple running bouts and  
the timing of the resultant physical tissue damage is a function of the baseline structural capacity 
at the time of load and the amount of load applied.  This sequence of events is outlined in Figure 
4  where Bertelsen et al68 show in the first box that there is a baseline structural capacity of 
human tissue that comes into each run. That tissue may have been made stronger over time 
through the physiological processes discussed above, but there is a baseline coming into each 
run.  Next, there is a load that the tissue experiences during each step that is then multiplied by 
the number of steps taken.  Following, there is a factor of how sensitive to the load the tissue is at 
that time. Once the structural capacity is exceeded by the applied load, usually through 
combination of chronic reduction of that capacity and then excessive load, then injury occurs.   
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Soligard67 describes a similar progression in which normally tissue is in a state of 
homeostasis.  When load is applied, there is a natural capacity to withstand that load.  That 
capacity, or "well-being" as the authors also describe it, can be either increased or decreased over 
time.  Their representation of this process (Figure 5) shows that following the application of 
load, there is a period during which the capacity to tolerate further load is diminished.  If 
recovery is allowed, that same capacity is improved.  If, however, the load is increased and or the 
capacity is decreased to the point where the load exceeds the capacity, homeostasis is disrupted.  
The authors then describe a continuum of events that can occur.  These are graphically depicted 
in a figure from their manuscript (Figure 6) and, in order, are acute fatigue, functional and non-
functional over-reaching, overtraining syndrome, subclinical tissue damage, clinical symptoms, 
time-loss injury or illness, and death if load is continually applied without recovery.  The authors 
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do point out that death seldomly occurs in athletics.  They also describe that the continuum of 
events is reversed during recovery.   
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We can apply both Bertelsen's and Soligard's models to tendon and bone, the most 
commonly involved tissues in TRMI to visualize how injury physically occurs.  Once 
homeostasis has been disrupted, there is a complex course of events at the cellular level that in 
some cases can lead to stronger, more resilient tissue, but if not allowed sufficient time to 
progress and facilitate healing, lead to the aforementioned time-loss injury.  As outlined 
previously, in the tendon, there is initially an inflammation stage that overlaps with a 
repair/remodeling phase followed by modeling phase.69  However, if there is not adequate period 
of rest to allow the proper transition from the inflammatory stage to remodeling, the 
inflammatory stage is simply started over again.   Eventually as the tissue is continually 
overloaded and remodeling not complete, it is weakened, the structural capacity is met, and a 
time-loss injury can occur.   Normal bone regeneration is similarly disrupted by chronic overload 
leading to the inability for osteoblastic activity to balance osteoclastic activity.  This disruption 
of homeostasis due to repetitive loads that reduce the capacity of the bone and eventually leads to 
injury.    Both of these physiologic responses demonstrate the concepts that Soligard et al67 and 
Bertelsen et al68 describe at the cellular level  Though tendon and bone both respond differently 
and therefore take different amounts of time to progress through repair and regeneration, the 
fundamental premise is the same; load, when in excess from the standpoint of single session 
and/or multiple sessions without proper recovery, is the cause of injury to tissue.   
In summary, the concept of tissue capacity is neither novel nor complex on its face.  The basic 
concept is that there is a load capacity for a given tissue at a given time and if that capacity is 
exceeded, injury to the tissue results.  That injury can be microscopic, only involving a few 
fibers to macroscopic involving an entire tissue, i.e. a tendon.  The basic concept is made more 
complex by human and environmental factors, however.  Tissue capacity can be changed, either 
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positively or negatively based on a variety of factors.  Increased load to the tissue's 
surpraphysiological load zone68 followed by rest adequate to repair that tissue, may well result in 
expanded tissue capacity.  Conversely load greater than the tissue's capacity or appropriately 
challenging load (load in the surpraphysiological load zone) followed by inadequate rest, will 
likely decrease load capacity.  Moreover, load capacity is dynamic and the ever-changing nature 
means that human tissues are at different stages of repair/regeneration at different times with 
different tissues responding differently and taking different amounts of time to progress through 
the cycle of repair/regeneration.  These issues make tissue capacity exceedingly difficult to 
measure.  Techniques to measure could perhaps involve advanced imaging or dynamic strength 
test, but those would be time consuming and because of the dynamic nature of capacity, would 
soon be inaccurate.  For this reason, in research, we often measure the load itself, both external 
and internal, to attempt to understand the capacity of the tissue.  This concept will be further 
explained later in the chapter.  
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Neuromuscular System Contribution to Capacity 
 
There are individual human characteristics beyond the tissue itself that have a significant 
impact on tissue capacity.  There is an important interplay of the neuromuscular system, 
movement patterns, and relative load.  This interplay is perhaps most pertinent to the running 
aspect of training.  Running, unlike most other skills is quite often done without coaching.  
Unlike football where tackling technique is taught, or basketball where various techniques like 
dribbling, rebounding, cutting, etc. are constantly practiced, the technique of running is often left 
to the individual.  Coaches review training and workload, mixing mileage and intensity, both of 
which are important components of load, but technique is taught infrequently at best, and 
technique differences are often not seen until elite levels.76  Considering the aforementioned 
physiologic response to injury, this may give us insight into why these injuries occur and how we 
can begin to develop an important mitigation strategy.   
When movement technique is not part of initial training, at least during the beginning 
stages of running, there is no augmented feedback to the runner.  There is neither knowledge of 
performance nor knowledge of result with regard to movement technique specifically.  The run is 
completed in a certain amount of time, and that is often extent of feedback the runner receives. 
Because running distance and or time is often limited by systems other than the musculoskeletal 
system at the beginning of training, there is also little internal feedback to the runner. If your run 
is initially limited by your legs tiring or lack of respiratory conditioning, tissue injury and the 
subsequent pain generated as a result is not an element of feedback in the initial stages of 
training.  This is because, due to the running distance and/or time being limited by other 
conditions like respiratory fatigue, tissue load capacity is often not initially exceeded.  The 
effects on the neuromuscular system are profound.  Undoubtedly the runner, at least at the 
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commencement of running as a sport, is somewhat frequently receiving internal feedback as they 
are considering “how” they are running; they are cerebrally considering and consciously thinking 
about their movement pattern.  Because they experience neither augmented nor internal feedback 
to change the adopted pattern due to pain stimulus, etc., this pattern becomes less cerebral and 
better classified as central pattern generated.  Thus, a movement pattern that may be inefficient 
and placing unnecessary load may become the accepted and used pattern for the individual 
because they do not get feedback on the need to change that pattern.   
The result of this interplay of the neuromuscular system and the physiology of tissue 
repair is this: a specific movement pattern causes additional load to specific tissue, as distance is 
increased, overload begins to beings to occur, a cascade of events follows that can lead to injury.  
The initial inflammatory response in both tendon and bone will follow the overloading of the 
tissue.69,70,73 If adequate time is not allowed for the inflammatory response to naturally progress 
to remodeling, and the tissue is loaded again, the inflammatory response is reinitiated.  This leads 
to a chronically inflamed state that eventually weakens the overall structural capacity of the 
tissue.  If the load continues, then eventually, as both Soligard67 and Bertelsen68 postulated, the 
capacity is exceeded and time-loss injury will result.   
While this relationship between tissue load and capacity as it relates to the 
pathophysiology of running is unfortunate and results in injury, it does potentially highlight a 
key tool in mitigating TRMI when running is involved.  When we carefully consider the 
relationship between learning neuromuscular control, movement patterns, load, and injury, there 
are elements that can be adjusted to mitigate injury.  First, there is a biomechanical/ movement 
pattern that is adopted at some point and may be placing excessive load on tissue.  Second, the 
load as it relates to the physical kinetic impact placed through the tissue is an important aspect of 
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what causes the tissue capacity to be exceeded.  Finally, there is a time related component to the 
injuries because of the previously described need for modeling, remodeling, and general healing.  
Unlike physiological measurement of human tissue, these factors are objectively able to be 
measured.  Thus, each of these factors, particularly in combination with one another is an 
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Section II: Understanding Factors Related to Injury 
Kinetic Patterns Associated with Injury 
 
Load, as it relates to the impact put through a tissue is a force that is measurable.  Though 
it is difficult and often not measured at the level of a specific tissue, (i.e. patellar tendon) these 
forces can be measured at the level where the force impacts the human body.  Variables often 
associated with kinetic measurements include anterior to posterior forces, also known as braking 
force, vertical ground reaction force (vGRF), and specifically the first section of the vGRF wave 
until the impact transient, known as the loading rate (LR).  Other variables like are less 
commonly associated with kinetic measurements but still bear discussion as they are related to 
the generation of force by or on potentially injured tissue; these include muscular strength and 
power. Most research on kinetic forces is performed in running specific training and therefore 
applies well to military training.   
Braking force is frequently evaluated relative to the peak force (PBF).  In a recent 
systematic review, Ceyssens et al77 found limited evidence for PBF correlation to TRMI incurred 
while running.  The most compelling of the studies reviewed was a 2018 study by Napier et al78, 
who in their prospective cohort study found that runners with a PBF in the "highest tertiles were 
injured at 5.08 times the rate of those in the middle tertiles and 7.98 times that of those in the 
lowest tertiles.  Despite this finding, the evidence in the literature for overall injury remains 
limited.77 
vGRF has been more extensively reviewed than braking force.  Van der Worp9 et al 
performed a systematic review of the literature and found that for running related injuries in 
general, vGRF was not greater at its instantaneous or overall peak in runners with injuries than 
runners without injury.  As is the case with some kinematic measures, vGRF has been shown to 
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be related to some specific injuries.  Greater vertical peak force under the second metatarsal was 
found to be a risk factor for patellofemoral pain.9 vGRF correlation with stress fracture has been 
evaluated rather extensively with mixed results.24 Though primarily retrospective in nature, 
multiple studies have found those with stress fracture to demonstrate greater vGRF when running 
than those who did not suffer stress fracture.79–82  There are also multiple studies found no 
significant differences in vGRF between these two groups.83–91  
The initial portion of the vGRF wave, the LR, appears to have a greater correlation to 
injury than does the peak of the entire vGRF wave.  In their systematic review, Ceyssens et al 
found a relationship between greater vertical loading rate in male novice runners who sustained 
injury (though not in female recreational runners) and when comparing runners who required 
medical attention with runners who had never sustained an injury.77  Other individual studies 
have found similar results when examining the relationship between LR, both Vertical 
instantaneous loading rate (VILR) and vertical average loading rate (VALR), and general 
injury.27,32 When evaluating specific TRMI diagnoses, correlation was also noted between 
increased loading rate and patellofemoral pain,92 plantar fasciitis,93 and stress fracture.23,24,79,82,88  
Another less commonly associated variable is strength, which should be considered 
kinetic as it is force acting upon a tissue. Because of its relationship with knee pain, hip abductor 
strength has been commonly evaluated in the literature as a potential correlate to musculoskeletal 
injury.94–97 In a systematic review that evaluated only prospective cohort studies, Christopher et 
al96 found limited evidence for hip abductor strength being positive correlated with TRMI while 
in a systematic review including cross sectional studies looking at only hip abductor strength and 
TRMI sustained while running, Mucha et al95 found hip abduction weakness to be associated 
with iliotibial band syndrome but a lack of evidence to support that weakness being associated 
 
 41  
with other common TRMIs such as MTSS, stress fracture and Achilles tendinopathy.  In a 
manuscript that appears to chronologically following the catchment dates of both of these 
reviews, Becker et al97 observed a correlation between weak hip abductors and MTSS.  
The strength and/or weakness of other musculature has also been correlated with injury.  
Saeki et al98 found greater flexor hallucis longus strength in those who had a history of MTSS.  
De la Motte et al99 found significant relationship between lower body power in musculoskeletal 
risk in general in a systematic review focused on flexibility, speed and lower body power and 
musculoskeletal injury.  In a similar systematic review,100 she also found that isokinetic knee 
flexion strength and isokinetic ankle strength were related to musculoskeletal injury.   
Muscle strength testing offers a unique way to measure the tissue capacity of the muscle 
itself.  There are some issues with this testing that must be considered, however.  The strength is 
physically testing the contractile capacity of the muscle, and not necessarily the tissue capacity 
of the tendon.  Additionally, strength is widely variable within the individual as it is dependent 
upon the task and can change dramatically when fatigue is introduced.101 Therefore, strength 
testing is able to give us valuable information on contractile capacity at the time and for the 
specific task but we must be careful to realize how and why it may change.   
Overall, kinetic variables do appear to have value as variables related to TRMI.  Though 
there is conflicting evidence for vGRF as a whole when related to musculoskeletal injury, there 
is evidence for a relationship between loading rate and musculoskeletal injury.  With regard to 
strength, there is limited or conflicting evidence for specific strength like hip abduction, but 
evidence that overall strength and power may be related to musculoskeletal injury  
In summary, kinetic variables offer value in screening and predictive models for TRMI.  
The drawback with some kinetic variables is that  data collection requires considerable time, 
 
 42  
equipment, and cost.  Many of the variables reviewed require laboratory equipment to extract, 
which is time intensive and involve a location requirement.  The subject must be normally taken 
to the lab to extract the variables.  Technology is evolving in the field and there are now mobile 
insoles that can provide valid measures of vGRF for the individual102 but these are still largely 
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Kinematic Characteristics Associated with Injury 
 
Perhaps more easily and frequently measured, kinematic patterns, or the biomechanical 
or movement pattern unique to each individual, also stress tissues in different ways and in 
different amounts. The joint movement available to a person and how they sequence that 
movement provides an opportunity to use a variety technology to analyze a variable closely 
related to tissue capacity   Researchers have developed a robust body of literature while 
attempting to better understand if and how movement characteristics are correlated to 
TRMI.12,18,104–108,19,21,25–27,50,77,103  Major foci of these studies have included posture, range of 
motion (ROM), movement patterns, running technique and foot strike with many other minor or 
sub-foci.  
The theoretical concept of movement patterns impacting the propensity for injury is 
easily applied to sport and military training.  Using running as a training example, each athlete or 
Soldier adopts an individual movement pattern that can be quantified in a variety of ways.  
ROM, foot placement, ankle motion, knee positioning, etc. are all quantifiable aspects of running 
movement patterns. These individual patterns by virtue of physics, place various levels of load 
on the tissues of the body.  These patterns can logically then play a key role in placing excessive 
loads on a particular tissue and thus may be a component of any resultant injury.  This applied 
concept of an athlete or Soldier’s specific pattern placing excessive load on specific tissue is one 
reason that biomechanics, or movement quality alone has been evaluated as a potential risk 
factor for the development of TRMI.11,12,104,105,107–109,18,19,25–27,50,77,103  
The aforementioned example also delineates the need to again evaluate running as a 
specific training tool. Running is a series of foot strikes in multiple succession, and therefore the 
kinematic pattern of the foot strike is a logical pattern to assess a risk factor for TRMI.  The 
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naming convention of foot strike is described slightly differently by different authors.  
Anatomically, the foot is often broken down into the forefoot, midfoot, and rearfoot.  Though 
authors will sometimes cite the three regions, more often there is a dichotomy drawn between 
rearfoot strikers and forefoot strikers, the latter sometimes referred to as non-rearfoot strikers so 
as to also encompass the midfoot strike pattern.27,88,118–121,110–117  
Though there is a great deal of evidence examining foot strike as it relates to footwear, 
kinematic variables, kinetic forces, and rehabilitation, there is very little evidence that directly 
evaluates the relationship between foot strike and sustaining musculoskeletal injury.119  Many 
authors, however, have evaluated the relationship between foot strike and kinematic and/or 
kinetic patterns known to cause injury.27,110,111,114,116–118,120  The nature of this relationship will be 
covered in depth in future paragraphs.  The concept of linking foot strike to these patterns is that 
an alteration in foot strike could positively change the kinematic pattern, and theoretically reduce 
the risk for injury by impacting both kinematic and kinetic risk during training.   
A number of the authors evaluate foot strike and kinetic measures of load. The finding for 
the majority of these studies is that those with a forefoot, or non-rearfoot strike pattern tend to 
have lower average vertical ground reaction forces, specifically lower component loading 
rates.110,111,114,117,120  The latter is likely due to the loss of the impact transient on the initial 
portion of the vertical ground reaction force curve which Goss and Gross114 and Davis et al111 
note specifically.  Napier et al117 also described a decreased braking force in those who ran with 
a forefoot pattern.  
Understanding specific kinematic patterns to also be correlated with musculoskeletal 
injury, many authors have also evaluated foot strike as it relates to high risk kinematic patterns. 
At the hip, Napier et al116 found mixed evidence in their systematic review for changes in hip 
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angle when foot strike was altered with one study stating that a forefoot strike decreased hip 
angle at initial contact (and overall ROM in stance phase)122and one stating that it did not.123  
Boyer et al118 found that pelvic drop was slightly reduced for FFS and that the abductor free 
moment was increased for runners with a forefoot strike. Continuing with hip kinematics, 
Kulmala et al120 found less peak hip adduction in runners with a forefoot strike.  At the knee, 
Davis et al111 reported greater knee flexion and greater knee flexion velocity resulted in a greater 
demand of the knee extensors.  Conversely, in their systematic review, Napier et al116 found 
limited evidence to suggest forefoot techniques increase knee flexion.  Kulmala et al120 found 
decreased peak knee flexion angle during stance phase as well as decreased knee abduction with 
a forefoot pattern. At the ankle, the literature is much more cohesive.  Those with a forefoot 
strike pattern land with greater plantarflexion leading to a more anterior strike pattern and 
increased plantar flexion moment.110–112,116,120  At the foot, Davis et al111 reported greater 
inversion with a forefoot pattern and Napier et al116 similarly found limited evidence to suggest 
decreased rearfoot eversion. The kinematic findings seem to suggest that a forefoot pattern 
requires greater demands of the ankle and foot while a rearfoot strike pattern requires greater 
demand at the knee and possibly the hip.     
Non-rearfoot running often coincides with a change in cadence of running.  The Pose 
Technique®,  for example, advocates for a change to a "ball of the foot" initial contact and a 
general increase in cadence through shorter stride lengths at a given speed.124,125 Cadence is a an 
important variable to consider when viewing possible correlates to musculoskeletal injury.  
Though there is little evidence of direct relationship to injury, cadence is indirectly correlated to 
injury through its effect on important kinematic and kinetic variables discussed in the following 
paragraphs. 
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 Cadence itself is logically a kinematic variable as quantifies the manner in which a 
person moves.  Though it is related to a number of other kinematic variables,25,126 it is also 
highly correlated with kinetic measures, particularly when cadence is altered from baseline.25–
27,126  In their systematic review on the influence of stride frequency and length on running 
mechanics, Schubert et al25 found increased step rate was correlated to a more flexed knee at 
initial contact and decreased knee flexion during stance, a more plantar flexed ankle at initial 
contact, decreased peak hip flexion and adduction during loading, decreased horizontal distance 
between center of mass and heel at initial contact, decreased center of mass vertical excursion, 
and decreased ground contact time.  We see the significant similarities in these variables to those 
seen with non-rearfoot running variables.  With regard to kinetic correlation, Schubert et al25 
found that an increased cadence was related to a reduced peak vGRF, decreased VILR, decreased 
VALR, and decreased vertical impact peak (VIP).  Futrell27 and Adams26 found similar results, 
but importantly, these findings come only as cadence is adjusted, while, as Futrell et al describe, 
the kinetic correlations do not necessarily exist at baseline.   
As the literature appears to support the idea that manipulating cadence has an effect on 
specific kinematic and kinetic variables, much as manipulating foot strike changes many of the 
same variables, it is important to understand if those variables are related to musculoskeletal 
injury.  Multiple studies have been conducted on biomechanical variables related to 
musculoskeletal injury, and specifically running related injuries.9,11,12,21,32,50,77 Often these studies 
classify their results, or are themselves classified as pertaining to kinematic and/or kinetic 
variables.   
Kinematic risk variables often appear to be associated with particular running injury and 
wash out when evaluating correlation to overall risk.  Saragiotto et al12, for example, performed a 
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systematic review on prospective cohort studies that investigated risk factors for running related 
injuries.  The only intrinsic factor they found to be correlated with overall injury in more than 
one article, other than previous injury in the last 12 months, was greater quadriceps angle.  
However, when researchers focused on individual injury type or location, certain kinematic 
variables remain important risk factors.  When viewed as correlates for specific injury, kinematic 
factors correlate frequently.  For example, multiple systematic reviews on MTSS including those 
by Winklemann108, Reinking50 and Hamstra-Wright107 found that navicular drop, rearfoot 
eversion and greater hip external ROM were correlated with MTSS.  Neal et al11 performed a 
similar systematic review and meta-analysis for patellofemoral pain and found increased peak 
hip adduction, reduced hip flexion, peak hip internal rotation, and increased peak contralateral 
pelvic drop (all moderate evidence), were correlated to PFP.   
As is evidenced by the overwhelming number of joint angles, ranges of motion, etc. that 
various authors research, there are a multitude of kinematic variables.  With a few exceptions 
noted above, for many of the kinematic variables, correlations are stronger to specific injury type 
rather than with injury as a whole.  As noted above, multiple systematic reviews with meta-
analyses tend to show a wash out when a relationship is evaluated to TRMI in general.  It is clear 
though that certain patterns may place multiple tissues at risk, while other patterns may be 
related to specific tissue injury.  Fortunately, given that recent technologic advancement allows 
us to screen for multiple kinematic patterns at once, we can evaluate a person for multiple, 
potentially hazard movement patterns at one time.   
Another benefit to the utilization of kinematic screen is the relationship between 
kinematic patterns and kinetic variables.  This relationship exists broadly for non-running related 
movement screens as well as running specific movement patterns.  For example, increased peak 
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knee flexion has been shown to have an inverse relationship to ground reaction force during a 
jump landing task.127 As previously reviewed, the kinematic pattern of landing on the forefoot or 
midfoot versus landing on the rearfoot has been correlated with decreased ground reaction 
forces, a kinetic variable.110,111,114,117,120  Wille et al128 attempted to quantify the degree of 
correlation and found significant correlation existed between kinematic variables and a variety of 
kinetic variables including peak braking force, ground reaction force and peak patellofemoral 
joint reaction force.  In research presented at the Special Operations Medicine Scientific 
Assembly, kinematic faults were correlated to vertical ground reaction forces with each fault on 
the LESS shown to increase the vertical ground reaction force experienced by the subject by 
11% of bodyweight.129  There is, therefore, evidence to suggest that kinematic patterns give us 
not only information on the pattern itself, but also gives us a degree of information on how that 
pattern may change the kinetic forces experienced by the tissue.  
In reviewing kinematic and kinetic variables' relationship with TRMI, what becomes 
clear is that correlation, and moreover prediction, is greater in complexity than any one variable.  
Many times, as evidenced by the various aforementioned studies, variables are often evaluated 
individually.  Multiple kinematic variables (i.e. peak knee valgus and knee flexion at midstance) 
or kinetic variables (i.e. peak vGRF and VALR) are well researched, but each variable is often 
evaluated for its correlation with injury individually.  Though these analyses are helpful, they 
may be missing some of the complexity of the individual subject or patient.  As each patient is an 
individual with a unique movement pattern, a risk assessment may well need to be more holistic 
and evaluate kinematic and kinetic variables simultaneously to better understand overall risk for 
TRMI and risk for specific TRMIs.  Though statistically more rigorous, this is actually clinically 
pragmatic. Though evolving technology may soon change the landscape, kinematic variables 
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currently offer a more efficient, less costly way of measuring both movement quality variables as 
well as providing surrogates for kinetic variables.  The distinct advantage of researching these 
variables is that kinematic and kinetic risk variables can often be addressed and changed together 
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Ability to Alter Kinematic and Kinetic Variables 
 
Our research focus should always be to advance science in a manner that improves the 
lives of the individual and the ability to guide clinical intervention.  In this field, those 
improvements should focus on helping the clinician assist the patient or the coach assist the 
athlete.  When we analyze injury risk, it is therefore necessary to focus on variables that can be 
improved.  As was previously stated, many kinematic and kinetic variables can be improved in 
such a manner as to decrease the associated risk.  Multiple researchers have evaluated the 
reduction of kinematic and kinetic risk through a variety of intervention. 
 Perhaps the most impactful and clinically useful tool is movement retraining and 
biofeedback.  This tool has been evaluated rather extensively in the literature making it a 
commonly used tool in the clinic.  Though primarily researched as an effort to reduce kinetic 
ground reaction forces, movement retraining often simultaneously adjusts kinematic risk.  In 
their recent systematic review, Agresta et al130 found that in multiple studies, when using 
biofeedback to adjust gait patterns, hip kinematic variables associated with injury risk were 
improved.  Specifically, reduced stance phase hip adduction and contralateral pelvic drop 
resulted from focused biofeedback.130  Many of these feedback related adjustments are 
accomplished through verbal or visual feedback that is generally aimed at reducing impact 
32,112,131 and though not specifically the purpose, often the gait pattern changes from a rearfoot to 
forefoot strike.112 
 Partially related of the transition to a forefoot strike pattern, gait training and biofeedback 
often decrease vGRF and LR.32,112,131  The dramatic benefit of gait re-training and biofeedback is 
that the changes in vGRF and LR persist for extended periods.  Two prospective studies showed 
changes (decreased VILR and VALR) from an 8 session class remained even after 1 year of 
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running without intervention.32,132  Kinetic variables can also be decreased by purposefully 
increasing cadence.  In their systematic review, Schubert et al25 found that as step rate increases 
peak vGRF, VIP, VILR, and VALR decrease.  Adams et al26 found that a 10% increase in 
cadence resulted in a statistically significant decrease in peak vGRF, VILR and VALR.  
Similarly, Futrell et al27 found a difference in VILR and VALR in those who changed their 
cadence.   This decrease is an important variable as Chan et al found that those who underwent 
intervention intended to decrease their vGRF and LR have a 22% lower injury incidence than 
those who do not have their counterparts who did undergo the intervention.32 
 It is clear as we evaluate the existing research on TRMI, that when intervention is 
performed to reduce or change risk variables, that kinematic and kinetic risk variables change 
together.  As kinematic changes are made, kinetic impact patterns change as well.  We should 
consider this concept then as we attempt to research musculoskeletal injury risk; particularly as 
we develop predictive models based on these variables.  The concept that evolves is one 
proposed by Bittencourt et al133 in their recent narrative review which urged researchers to 
embrace a "complex systems approach" in understanding and predicting musculoskeletal injury.  
There is a risk profile for each individual that is made up of a variety of variables that include 
both kinematic and kinetic variables.  Individually these variables do not give a strong prediction 
of risk, but perhaps when viewed together, the predictive ability will be stronger.   
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Options for the Rapid Measurement of Risk Variables 
 
 Thus far, the larger discussion on risk variables for TRMI has centered on studies that 
evaluated either kinematic or kinetic patterns correlation to risk of injury during specific tasks.  
While it is logical to measure risk when the person is engaged in a specific task this technique for 
is not necessarily feasible for situations like military training.  Measuring joint angles, impact 
forces, and asymmetries for all the tasks required during military training would require 
sophisticated laboratory equipment and a great deal of time per patient.  Though valuable for the 
ability to produce accurate results, equipment nor time are common assets in many locations that 
need to perform the screens we proposed in this study.  Using a military example, screening 
would be of the utmost important as injuries, particularly stress fracture, are related in large part 
to the training environment.134,135 In this population, there is often a requirement to test hundreds 
of individuals within a few days of one another before they embark on weeks of training as a 
collective unit.21,105 Bringing hundreds of subjects through a biomechanics lab in a matter of 
days would be a mathematical impossibility.  Thus, we must consider other screening options for 
kinematic and kinetic risk.    
Landing from a jump has been shown to elicit high levels of vGRF and high risk 
movement patterns.20,136,137  As such, jump-landing tasks are frequently used to identify those 
with high risk biomechanics profiles and are thus at risk for future lower extremity 
injury.20,42,137,138  These assessments could then be used as a more rapid screening mechanism for 
kinematic and kinetic risk and offer the ability to perform screens with little to no equipment.  
The two most commonly reported landing tasks are the Tuck Jump Assessment (TJA) and the 
Landing Error Scoring System (LESS).20,21,42 
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The TJA was designed to be a clinician friendly instrument for the identification of  
movement characteristics and deficits related to anterior cruciate ligament (ACL) injury.139  The 
patient or subject performs the tuck jump by standing with the legs shoulder width apart with 
knees bent.  They then "initiate the jump with a slight crouch downward while extending their 
arms behind them."  They then jump into the air as high as they can while flexing their knees and 
hips towards their trunk such that at the highest vertical point of the jump, the femurs are to be 
parallel with the ground.  They then land and immediately transition to the next jump, repeating 
the jumps for 10 seconds.139 
Though frequently used with multiple patient populations, at the time of this writing, 
there has been no laboratory validation linking it to kinematic risk factors associated with ACL 
injury.  Myer et al139 suggested a cutoff score of 6 for the test, stating that those above 6 should 
be targeted for additional training to prevent ACL injury in collegiate athletes.  In their 
systematic review, Fox et al140 found the intra and inter-rater reliability of the TJA to be poor to 
moderate while initially, Myer et al139 and Herrington et al141 found strong intra-rater reliability 
in laboratory pilot testing and subsequent review respectively.  
The LESS is a similar clinical assessment tool to the TJA that has been shown to identify 
those at risk for injury due to poor movement quality during a jump-landing task.21,42 During this 
assessment, subjects jump from a 30 cm tall box out to a line that is a distance approximately ½ 
their height from the box and upon landing, jump vertically into the air as high as they able.  The 
subjects are not coached on any specific movement patterns and only receive correction if they 
performed a jump in an incorrect or unsafe manner.  The jump landing is scored based on 17 
different potential errors in four main categories: lower extremity and trunk position upon initial 
contact from the box to the ground, errors in foot position upon initial contact from the box to the 
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ground, lower extremity and trunk movements between initial contact and maximum depth (or 
maximum knee flexion/valgus), and a global assessment of overall sagittal plane movement and 
a general perception of jump landing quality.20  
The LESS has been trialed in a variety of different populations with mixed results.  Padua 
et al42 found it to be an accurate predictor of ACL injury in the youth soccer population while 
Smith et al142 found it not to be predictive of ACL injury.  Cameron et al21 found it to be 
predictive of stress fracture in the cadet military population. Slupsinskas et al143 found the LESS 
scores to be significantly greater in injured populations than non-injured while de la Motte19 
found mixed results and no significant predictive value. Much like many of the kinematic and 
kinetic variables we reviewed, the predictive capability for the LESS may be better for specific 
injuries.  Importantly though, it does provide a rapid assessment of biomechanics known to be 
correlated with musculoskeletal injury.20 Additionally, as was outlined above, the LESS has 
shown significant correlation to vGRF, thus making it a kinematic tool that can insights into the 
kinetic loads the patient experiences.  Another advantage of the tool though is that in its 
automation, which has recently been validated,22 the researcher and/or clinician has immediate 
access to a multitude of the kinematic variables discussed above without having to take the 
subject to a biomechanics lab.   
Given that the LESS has been trialed in the athletic and military populations21,42 and 
related to stress fracture in the military population,21 its utilization as a screening tool for 
biomechanical risk variables is justified.  Though not directly correlated to injury in all studies,18 
the LESS does have the capability to screen for biomechanical variables related to injury and to 
do so quickly given its recent automation.20,22  For screening large groups of people or for 
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screening one person with significant time and equipment constraints, the LESS offers a 
pragmatic option for understanding kinematic risk.   
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Load and Musculoskeletal Injury  
 
Attempting to understand those at greatest risk for TRMI involves more than identifying 
an individual's kinematic movement profile and the ground reaction forces they experience. As 
outlined previously, kinetic and kinematic forces are not often combined to produce an overall 
risk profile.  In using statistical modeling to identify injury risk, researchers simply attempt to 
view how a variable or variables correlate to the load capacity of an individual's tissue(s).  For 
the same theoretical load, each individual's tissue(s) may be impacted differently because of the 
way they move (kinematic profile) and their impact with the running surface each step (kinetic 
profile).  
Both kinematic and kinetic profiles offer pertinent information but neither provide a 
complete picture of the tissue capacity because they do not account for the amount of load. For 
example, you could evaluate 100 people with kinetic and kinematic profiles ranging from poor to 
excellent.  If we then followed these 100 people through a 3-month training cycle that included 
very little overall load, we may find that no one gets injured and thus our kinematic and kinetic 
profiles would seemingly tell us very little.  Similarly, if the 3-month training cycle was 
exceptionally intense with a large percentage of the 100 injured, the profiles may again seem 
largely useless. Our question, therefore, is not if kinematic and kinetic profiles are predictive of 
injury, but rather how they change an individual's tolerance to load.  To answer this effectively 
though, we must review load and musculoskeletal injury. 
There is a significant and growing body of evidence evaluating training load and 
musculoskeletal injury in multiple sports and populations.  In the existing literature, load is often 
broken down into external load and internal load.  External load can be defined in terms of 
distance traveled, minutes played, number of steps, elevation change, etc., during the activity 
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performed by the person.38,144 Internal load can be defined as the individual’s physiologic/mental 
response to a given external load through variables such as oxygen consumption, lactate 
production, heart rate changes, perceived exertion, etc.38,144  Researchers have also combined 
these two types of load, most frequently in terms of rate of perceived exertion multiplied by time 
of training that results in an arbitrary unit of overall training load.145,146 There are other validated 
measures of load that can be combined with exertion such as GPS produced distances that yield 
similar arbitrary units of load.147–151 Training load and its correlation to injury, as Eckard et al38 
stated in the most recent systematic review on the subject, has moved from emerging to 
established.  Taken individually, internal load measurements seem to have a stronger correlation 
to injury than external while many would assume the opposite.38  As the research continues to 
evolve, however, there is a strong case for the combination of internal and external load 
quantification.   
As it relates to TRMI, and specifically the time-related component of TRMI, the concept 
of load does bear a need for further explanation.  Researchers have found the situation more 
complex than the simple measure of overall load and suggest the consideration of the timing of 
load application.38,144,152  The concept of the acute to chronic workload ratio (ACWR) has proven 
valuable in monitoring an athlete’s load and could certainly be applied to a variate of training 
populations. 38,144,152 Usually viewed in a 4 or 5 week cycle ,the ratio is the work or training load 
of one week (usually in terms of the aforementioned arbitrary units) over the average load of the 
prior three or four weeks.38,144  There is now a substantial amount of evidence that a ratio of 0.8 
and 1.5 is recommended for injury prevention.  A ratio of less than 0.8 and greater than 1.5 may 
both lead to injury through under loading and overloading respectively.  Both Eckard38 and 
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Gabbett153 describe this U shaped relationship or “sweet spot” when viewing injury incidence 
over an x axis of acute to chronic workload ratio.     
The theory of pain and injury resulting from load application exceeding the capacity of 
body tissue and the existence of an optimal training load related to previous load was skillfully 
outlined by Scott Dye in his 2005 article on patellofemoral pain.154  In this theory, that is best 
explained with the visual aid of Figure 7, each tissue has a certain zone of homeostasis.  This 
homeostasis has an upper limit that could also be thought of as the tissue capacity and this upper 
limit can be exceeded by either too much load or too great a frequency of load, or some 
combination thereof.  When the zone of homeostasis is exceeded, there is a zone of 
supraphysiologic overloading wherein tissue remodeling and positive adaptation can occur to 
build strength and increase the tissue capacity.  When load exceeds the zone of supraphysiologic 
overloading, it reaches the zone of structural failure. 
  The concept of the envelope of function is, however, more complicated than specific, 
concrete limits between zones that would suggest known points of failure.  The zones and their 
delineations are dynamic.  This is illustrated in Figure 7; as one moves from the two figures (c) 
down to (d), the envelope of function has shifted down and to the left due to injury in this case, 
indicating reduced tissue capacity.  The envelope then begins shifting up and to the right in 
figure (e) indicating increased tissue capacity due to rehabilitation and exercise.  These shifts are 
constantly occurring; shifting down and to the left due to training and up and to the right with 
rest.  Thus, tissue capacity is reduced with training that does not include adequate rest.  For this 
reason, an athlete or soldier could go for the same run that they went on weeks prior and become 
injured, not because he moved differently or had increased impact forces, but simply because the 
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prior workload shifted their envelope of function down and to the left, thereby reducing tissue 
capacity.   
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This is not to say, however that kinematics and kinetics do not matter with respect to 
load.  In fact, load simply further molds the question of TRMI.  A recent article by Moller et al155 
addressed the novel concept of interaction between kinematic pattern and load for team handball 
players. In this study, he evaluated both the kinematic pattern of the scapular and the workload of 
throws during team handball and found that excessively low loads and an excessively high loads 
were correlated to injury no matter what the kinematic pattern.  However, a faulty scapular 
kinematic pattern was related to injury at a lower ACWR than a more ideal scapular pattern.  In a 
broader sense this outcome suggests that that certain kinematic patterns may be protective until a 
certain point.   
Using Bertelsen et al’s theory (Figure 3), we can illustrate how Moller et al’s findings can 
be applied to all TRMI.  Tissue is injured when it's capacity for load is exceeded.  That capacity 
for load during running, for example, is a function of its current state due to training or injury, 
the load put through it for each step multiplied by the number of steps taken during that running 
bout.  Moller's work suggests that potentially, the way in which a person moves may reduce the 
load placed through the tissues for each step and therefore increase the total number of steps 
someone could take prior to reaching tissue capacity.  This theory is further substantiated when 
we look back on the kinetic variables described previously.  Changing running pattern was 
shown to decrease loading rates, which were correlated to injury.  The change in the kinematic 
pattern changed the load experienced with each step.    
What Moller also demonstrates in his findings is a need to change our research question.  
In previous literature, the question is often whether certain variables are correlated with the 
overall occurrence of injury.  This dichotomous outcome does not fully consider the complexity 
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of load and its effect on tissue.  We should rather ask how certain kinematic and kinetic patterns 
affect the amount of load that tissue can withstand prior to reaching capacity.   
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Importance of Using Time to Event Analysis  
 
The question of how kinematic and kinetic profiles alter the amount of load a person or 
tissue can withstand prior to injury calls upon the researcher to not only change the outcome 
variable, but include additional statistical analyses.  Historically, much of the research performed 
around musculoskeletal injury has been done using T-tests to compare continuous variables 
between injured and an uninjured groups or logistic regression to evaluate variables' contribution 
in terms of odds ratio to a dichotomous outcome, time to initial injury, or injury rates.156,157  
Though valuable, these variables suggest a finite amount of time and that only one injury did or 
did not occur and thus do not take full advantage of the all data collected.156 
We should, when possible, consider the use of time to event modeling when evaluating 
musculoskeletal injuries, and particularly when attempting to form predictive models.157–159 Use 
of this tool helps us to answer the more realistic question of how much load an athlete or Soldier 
can withstand prior to injury.  Moreover, time to event analyses allow us to censor and, when 
possible, take advantage of several realistic conditions and/or situations including time-varying 
exposures like changing training load, time-varying effect measure modifiers, time-varying 
outcomes, competing risks, and multiple injuries.158,159 
Beyond the strength of analysis, the information that time to event analysis produces can 
be of immediate use not only to the researcher, but also to clinicians and coaches.  While many 
of the aforementioned analyses including T-tests and logistic regression again offer incredibly 
important information, they do not necessarily provide helpful information on when injuries 
occurred.  Baseline information using time to event analyses would come in the form of the 
Kaplan-Meier survival curve, which would be useful to researcher, clinician and training planner 
alike.  Not only would it show the survival data of the entire population, it would also show 
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when in the training program the steep drops in survival occurred.  Figure 8, taken from Gabbet 
et al,160 is an illustration of how those developing a training program could visually understand 
when in the training cycle the population as a whole, or as individual subgroups sustain injury.  
Reviewing just that information alone can be helpful and would not necessarily be as easily 
understood using other analyses.  Understanding time until injury by subgroup may also help 
researchers, clinicians, and coaches understand when rescreening and/or athlete/Soldier periodic 
evaluations may be helpful. 
In an effort to embrace the complexity of musculoskeletal injury, using time to event 
analysis in conjunction with more traditional musculoskeletal injury analyses is an important 
step.  Bittencourt et al133 call for a complex systems approach when attempting to produce 
predictive models for musculoskeletal injury.  Modeling that allows us to account for external 
load, psychological stressors, environment, time, etc., will help us better understand when and 
how injury is occurring and will more importantly help clinicians, coaches, athletes, and Soldiers 
form intervention techniques to mitigate risk of TRMI.   
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CHAPTER 3: METHODS 
 
Section 1: Study Design 
 
We used a prospective cohort design focused on one class of USMA cadets as they 
progressed through CBT.  We collected movement quality and cadence data at the start of basic 
training and followed injury occurrence throughout basic training.  Though the goal was 
seemingly straightforward, it required the consolidation of two separate data sets from two 
studies, which formed a third data set and study named Predicting Risk by Evaluating Data on 
Injuries and Kinetics and Kinematics Together (PREDIKKT).  The two studies from which the 
PREDIKKT data came are described in the following paragraphs.     
In an attempt to better identify those at greatest risk for musculoskeletal injury and 
subsequently develop an intervention program, the Joint Undertaking to Monitor and Prevent 
ACL injury (JUMP-ACL) was developed to focus on injury at our nation's service academies.  
The program can be best described as a repeated prospective design study that follows each class 
from the beginning of their military training through their careers as cadets/midshipmen and has 
been in place since 2005.  The program uses the Landing Error Scoring System (LESS), a jump 
landing task that evaluates 17 different potential biomechanical "faults" associated with injury.   
Though initially developed for ACL injury specifically, researchers quickly saw its value in 
identifying those at greater risk for stress fracture,21 making the screen a potentially valuable one 
in understanding who is at greatest risk for TRMI.   
 As part of a similar effort to analyze musculoskeletal injury risk specific to running using 
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easily accessible and portable tools, the Simple Technology Assessing Running Technique in 
Active Duty Service Members (START) project fitted cadets from the class of 2022 (starting 
CBT Summer, 2018) at USMA with small accelerometers that attached to the shoe.  
Accelerometers have been shown to produce variables with positive correlation to kinetic 
variables161 and be a valid tool in the measurement of spatiotemporal variables.162 The 
accelerometer used by this group was found specifically to be a valid measure of cadence.29   
 The two separate projects (JUMP-ACL and START) were conducted on the same 
population over the same period of CBT.  Though they were neither funded through the same 
source, nor were they led by the same PI, they both sought to understand risk factors for 
musculoskeletal injury during military training.  The situation offered the unique opportunity for 
the consolidation of two very valuable data streams and the analyses of different types of risk 
variables (kinematic, kinetic, and cadence).  These same data, particularly if analyzed with time 
to event analyses had the possibility to yield valuable data to those developing and scheduling 
physical training at CBT.  For these reasons, PREDIKKT was developed to merge and analyze 
these two data sets.    
 
   
    
Section 2: Study Participants 
All PREDIKKT subjects were recruited from the United States Military Academy class 
of 2022 as they were entering CBT.  Recruitment for JUMP-ACL occurred during day 2 of CBT 
where the test and procedure was explained to the entire class at once.  As the jump-landing task 
was the standard of care, it was explained to the class that their consent was to use their data for 
analyses.  Information was delivered both verbally and in written format. Those who consented 
also filled out the Baseline Questionnaire (Appendix 1). Because of the Academy's age standards 
for entry, all participants were between the ages of 17 and 22.  By virtue of being cleared to 
begin training, cadets were assumed to be cleared for all physical activity included in CBT, 
which were more strenuous than the jump-landing screen in which they participated as part of 
this screening.  To ensure safety, however, we excluded any participants who stated they were 
injured or in pain they believed significant enough to not perform a jump landing task.    
 Recruitment for START also occurred on day 2 of CBT where the device and use of data 
were explained to the cadets in the same setting as the JUMP-ACL project.  On day 4, the cadets 
who volunteered for the study were fitted with the device, instructed on proper placement and 
use of the accelerometer, and functionality was verified.  As there was no immediate physical 
testing for the START project, no further exclusionary criteria were necessary.   
 For both studies, participants understood that they were not receiving any reimbursement 
for participation in this study, though they were able to keep the accelerometer as part of the 
START study. In order to be included in the PREDIKKT data set, subjects had to have consented 
to both the JUMP-ACL and START studies.  Institutional Review Boards from both the 
University of North Carolina and the United States Military Academy approved all methods and 
all participants provided written informed consent prior to participation.  Additionally, the same 
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Institutional Review Boards later approved the PREDIKKT data merger and found that no 
additional consenting was necessary.   
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Section 3: Data Collection 
 
Data collection involved measuring risk variables using the LESS, issuing and then 
collecting a portable accelerometer, and obtaining injury data on individual cadets.  The 
procedures followed during data collection are broken down in the following paragraphs by aim.   
Aim 1 
 
  To investigate the general musculoskeletal injury survivability, measured as days of 
training, for a USMA New Cadet during CBT, we included injury data collected from internal 
electronic medical records (EMR) at West Point from the day cadets all reported to USMA, 
known as Reception or R day forward for 60 days.  Cadet Basic Training (CBT) is 
approximately 45 days in length but we included days following return from CBT in order to 
capture those injuries that were sustained during CBT but not reported until following training.  
Specifically, these data were from the Cadet Injury and Illness Tracking System (CIITS) and 
Armed Forces Health Longitudinal Technology Application (AHLTA), collected as part of the 
two studies mentioned above.  It is important to note here that only researchers and clinical staff 
at USMA had access to the medical records and injury data.  Injury results were assigned to a 
subject ID and shared in that manner to prevent any potential cases of transmission of either 
personally identifiable information or protected health information.    
USMA is a closed medical system meaning that the medical needs of the cadets are met 
by providers within the military healthcare system (MHS), all of whom use either CIITS or 
AHLTA.  In the normal course of events, if a cadet felt pain and/or sustained an injury, he or she 
presented to sick call where a healthcare provider documented the details of the pain/injury, the 
diagnosis, and plan of care in CIITS.  We included AHLTA as it is used at the local military 
hospital and used by units outside USMA but within the MHS.    
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Following CBT, an exhaustive search for specific injury codes was conducted within 
both the CIITS and AHLTA EMR systems.  ICD-10 codes were utilized at the time so the search 
conducted included applicable codes related to musculoskeletal injury of the lower extremities.  
A complete list of codes used in the search can be found in Appendix 1.   The majority of injury 
codes used were overuse in nature.  Joint and soft tissue pain codes were included, for which 
there is precedence.15,39,163  Additional data included date of injury, anatomical location of the 
injury, profile, or time loss component, and if the visit was an initial or subsequent encounter.   
Injury data from the JUMP ACL and START projects were merged following IRB 
approval for the process.  A third party (trusted agent) who was familiar with both projects 
matched the subject numbers for both studies with the subject's Department of Defense 
Identification Number (DODID).  The data, including the movement analysis from JUMP-ACL 
and the variables from START, along with the injury data, were then combined under one 
subject ID unique to the PREDIKKT study.  The DODID number was then removed and the 
newly combined, deidentified data were shared with UNC researchers for further analysis.  As 
the injury data and the timing of the injuries were the only data necessary to address Aim 1, these 
were the only data collection steps required in this step.   
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Aim 2 
 
To investigate the univariate impacts of sex, previous injury, movement quality, and 
cadence on TRMI survivability during CBT, we required data from the baseline questionnaire 
(BLQ), results from the movement analysis as determined by the LESS and results from the 
accelerometers, specifically the cadence values.  Each of these tools will be described in detail in 
the following paragraphs and are explained here but also used in Aim 3. 
BLQ and General Demographic 
Following consent during the JUMP-ACL study, participants were asked to fill out the 
BLQ, which primarily focused on health, injury history, activity history, and general 
demographic information.  In 2018, this questionnaire was 61 total questions with either 
dichotomous answers or multiple-choice answers, and was filled out using a Scantron form.  The 
BLQ was an IRB approved document and the study leaders were listed on the front page of the 
document.  Questions regarding injury attempted to gain information about what specific 
anatomical tissues were involved, when the injury occurred, whether surgery was required, the 
laterality of the injury, and if the injury currently interferes with physical activity.  For the 
purposes of this project, these questions serve as important unmodifiable risk factors in that they 
indicate the history of an injury.  This is an important variable because in the civilian and 
military populations, those with a history of previous injury in general are at greater risk for 
sustaining another injury than those without history of previous injury.12,28,41  History of Injury 
also appears to affect risk factors that we used in this research to develop an overall risk profile.  
Specifically, there are kinematic and kinetic differences between injured and uninjured limbs of 
those having sustained lower extremity injuries.90,164  
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Given the dichotomous status of history of injury as a significant correlate to injury noted 
above, we coded for history of previous injury in a dichotomous manner. The BLQ asked several 
questions regarding injury. Specifically, the questions are grouped according to injury type as 
follows: questions 2-3, 7, 10, 13 (knee ligamentous injuries), 16 (knee meniscal injuries), 25, 27 
(lower limb fractures), 35 (hip injuries), 38 (ankle injuries), 41 (foot injuries) and/or 44 (other 
injuries).   For the purposes of our study, if subjects answered “yes” to any previous injury 
questions, they were coded as having a history of injury.  If they answered “no” to all injury 
questions, they were considered to have a negative injury history.  A missing response was 
considered a negative response and thus all responses for injury were included in our analyses as 
control variables.    
Finally, sex was a variable collected as part of demographic information.  Sex was 
defined as a dichotomous variable with either male or female as the potential group.  This is in 
accordance with the demographic selection options at USMA. 
LESS 
Kinematic assessment was performed using the LESS.  The LESS is simply a checklist of 
potential faults an individual can make during a jump landing task.  The errors are  
biomechanical faults that have been correlated with injury20,21 and are broken down into five 
separate categories.  Items 1-6 focus on initial contact, evaluating the jumper's trunk and lower 
extremity position.  Items 7-11 focus on foot positioning errors, stance width, and landing 
symmetry.  Items 12-15 focus on movements and joint positions during the descending phase 
defined as between initial contact through maximum knee flexion angle.  Item 16 focuses on the 
attenuation of load through overall lower extremity joint displacement and item 17 is an overall 
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impression of the jump focused on softness of the landing and overall frontal plane motion of the 
knee.   
The LESS assesses a jump landing task that is performed from a box 30 cm in height. To 
complete the task, subjects jump out from the box, with feet leaving the box at the same time, to 
a piece of tape on the floor that is a horizontal distance from the box equal to ½ their height.  
They then land and immediately transition into a vertical jump, attempting to jump as high as 
they can.  Given the rapid and dynamic nature of the task, the jump was videoed in order to 
evaluate all possible errors.  If they demonstrated any of the errors listed above on one or both 
lower extremities, they receive a 1 for that section.  Items 16 and 17 are graded on a 3-point 
scale.   Item 16 grades 0,1, and 2 for "soft," "average," and "stiff" landings respectively and item 
17 grades 0,1, and 2 for "excellent," "average," and "poor" respectively.   
During the JUMP-ACL LESS testing, subjects were given instructions on the task and 
asked if they understood.  Following acknowledgement of understanding, the subject was 
afforded one practice jump.  No coaching was given on the jump technique but feedback was 
given if the jump was performed incorrectly according to the description above.  The subjects 
then jumped and were graded on three subsequent jumps.   
Researchers graded the LESS automatically using a software program called Physimax®.  
Physimax® used a single gaming camera to measure joint angles and movement in the frontal 
and sagittal planes to detect the aforementioned errors.  Prior to the implementation of this 
technology, each jumper was recorded by two cameras, once focused on each plane and 
movements were evaluated individually, which took several months and hundreds of researcher 
hours.  Using this technological advancement, each subject had the results and grade within 
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seconds.  More importantly the grading technique has been validated.  Mauntel et al165 validated 
the use of Physimax against the gold standard of human graders in 2017.   
Jumps and scores were linked to the participants subject ID.  As LESS screening was 
standard of care, the data were screened for those who consented to the study and a separate data 
file was created with scores, joint angles, and measurements for those who consented to the 
study that contained no PII or PHI.  As outlined in greater detail in Aim 1, these data were later 
used for the merger that created the PREDIKKT data set. 
The overall score of the LESS was dichotomized.  We decided upon two categories as it 
has precedence 106 and is a simple way to ascertain risk by future clinicians.  We determined 
"good" to be ≤5 and “poor” to be ≥ 6 based on ROC analyses (described in more detail in 
statistical analyses sections of this chapter and chapter 5). Our cut-off scores were slightly 
different than previous categorization but did not represent a large move from previously 
established normative data, which corroborates recently submitted but unpublished work by 
Eckard et al166 on the subject.  
Accelerometer Data 
 Cadence values were gathered over the first week of CBT from the Milestone Pod®, a 
small 1-inch squared accelerometer issued to the cadets on day 4 of their training.  Only running 
cadence values were used in the analyses.  As outlined in greater detail below, the device 
differentiates between walking and running cadences and collects data on them separately. The 
Milestone Pod® was fitted to the shoe lace of the participants' running shoes.  For the sake of 
consistency, the accelerometer was placed on the 3rd shoe lace from the bottom of the left shoe 
for each participant.  The accelerometer was linked directly to the subject ID using Bluetooth 
signal and an application developed specifically for this research project.  This link also served 
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as a check on the function of the accelerometer.  During this fitting and functions check, 
researchers also gave specific instructions to continue to wear the device throughout their time at 
CBT, to not get it wet, and to have the accelerometer scanned at the end of CBT.   
 Researchers on the project chose the Milestone Pod® because it was a pragmatic, 
affordable option that could be used by clinicians and athletes for a reasonable cost in the future, 
and because there is research on the validity of the spatiotemporal feedback this specific device 
produces.29,30  
At between $25.00 and $30.00 each, the Pod is largely marketed towards runners and 
coaches and to a lesser degree to researchers.  At the user level, the app that is used in 
conjunction with the Pod offers a run log that updates when the phone or tablet is within close 
proximity (usually less than 5 feet).  Runs are differentiated from walking sessions when a 
cadence of 100 steps per minute or greater is detected.  Walking sessions produced data on 
amount of active time, distance and pace. In normal use, following a running session, the athlete 
could see details about the run that he/she clicks on including distance, number of steps, average 
cadence, rate of impact in risk levels (high, medium, and low), foot strike by category (forefoot, 
midfoot and rearfoot) in percentage of the run spent in each of those categories, average ground 
contact time in milliseconds, leg swing in categories (high, medium and low) and run efficiency 
score that is a proprietary calculation based on time in contact with the surface and leg swing.   
The aforementioned categorical data including rate of impact, foot strike, and leg swing 
were calculated in a manner that is proprietary to the device as is the run efficiency score 
mentioned above.  For foot strike and leg swing, the calculations are conceptually 
straightforward using angle of the device and time.  The rate of impact, which is their surrogate 
for loading rate is likely more complex.  In a discussion with the company's biomechanist,167 the 
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company used information from Milner and Davis82,88 on loading rate and risk to develop the 
risk categories based on the kinematic surrogate for loading rate calculated by the device.  The 
result is a percentage of each run that is performed in each of the three risk categories.   
The runner has the option to export the data to a coach's view.  This takes all the run logs 
and exports them to an Excel spreadsheet (Appendix 2). The continuous data contained within 
the coach's report is an average over the course of the run.  There are graphical representations of 
each run available in order to see the trends of variables over the course of the run, for example 
cadence along with elevation change, but the numerical report is available in aggregate for each 
individual run.  These data are date and time stamped so that if a coach or researcher wants to 
view only certain dates, this is possible.  The categorical data are similarly broken down by run 
with a percentage of each individual run performed in each of the categories.   
Following the completion of the last field training exercise of CBT, the New Cadets 
returned to West Point garrison and on the final day of CBT, subjects returned their Milestone 
Pods to the researchers who scanned the Pods.  As the Pod serial number was already linked to 
the subject ID, the cadets did not have to have any extended follow up with the researchers.  Data 
in the aforementioned coach's report was extracted for each of the subjects and combined into 
one large data set.  
There were additional analyses were conducted as part of the START study, but for the 
purposes of the PREDIKKT study the average running cadence was the variable of interest.  The 
first week was selected in order to get a mix of different distances and types of running (i.e. 
warm ups, sprint work, release runs, etc.) while minimizing training or fatigue effect that would 
likely occur as CBT progressed.  Much as the LESS screening provided a picture of the 
movement profile at the commencement of CBT, we sought to find the natural choice for 
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cadence at the start of CBT.  As previously discussed, cadence is highly correlated to kinetic 
variables and represented a means by which a surrogate for kinetic impact could be collected 
using a simple and readily accessible device.   
Once data were collected from both the JUMP-ACL and START studies, injury data 
were collected using the closed EMR systems CIITS and AHLTA as described above.  As in 
Aim 1, injury data were gathered using a search on ICD 10 codes included in Appendix 1. 
Correlation and statistical analyses are discussed separately below.  
Cadence values were categorized into two categories using normative data for the 
population.  As there was no precedent in the literature for classifying cadence as it related to 
risk, we first attempted a receiver operator characteristic (ROC) curve analysis.  As that analysis 
did not produce a distinct cut point, we chose the median as the cut point.  Further detail on this 
is provided in Chapter 5 of this document.   
Performance Data 
Performance data was taken from the run portion of the Army Physical Fitness Test taken 
during the first week of training. Test scores for the run were based on performance and are 
derived from a scale that is based on age and sex.33  Grading for the test was performed by 
military cadre as required by regulation.33  Existing literature did not appear to delineate a cut 
score to dichotomize the categories so we conducted a ROC curve analysis and found 67 to be 
the most effective cut score.  Thus, those with a score ≥67 were deemed low risk and those with 
a score <67 were deemed high risk.  Greater detail on the analysis is contained in the statistical 
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Summary of Variables 
The following variables taken from the BLQ, kinematic testing, or cadence evaluation 
will be candidate variables for the time to event analysis: Sex, previous injury, LESS group, 
BMI, PT run score, and cadence group.  Variable options are consolidated below and serve as an 
illustration of how the variables will be coded in the statistical analyses.  Of note, sex and 
previous injury will be utilized in similar manners in Aim 3.   
Table 4: Summary and Delineation of Key Variables 
 
Candidate Variable 





0: Male                   
1: Female 
Injury History 2 
0: No injury history   
1: history of injury 
Body Mass Index 2 
0: BMI = 20-29.99 
1: BMI<20 or ≥30 
LESS Score 2 
0: ≤5                    
1: ≥6 
Cadence value  2 
0: ≥ 161.64                    
1: <161.64 





 To investigate the predictive ability of a multivariable model for TRMI that controls for 
unmodifiable risk factors, and specifically compare precision between models, we used the 
previously described data collection for LESS scores and accelerometer data.  In review from 
 
 79  
Chapter 1, the combination of the data was accomplished through a separate merger protocol, 
PREDIKKT.  In accordance with the USMA IRB, JUMP-ACL and START data including injury 
data were merged at USMA by a researcher familiar with both protocols using an honest broker.  
The USMA researcher linked the subject IDs from the JUMP-ACL and START studies to the 
DoD ID number and then merged the results from each under a single subject ID unique to the 
PREDIKKT study.  That merged dataset was then sent to UNC researchers, void of the DoD ID, 
START, and JUMP-ACL subject IDs.  No further data collection tasks were required for Aim 3.  
Statistical analyses techniques for all Aims are outlined below.   
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Section 4: Statistical Analyses 
   Statistical Analyses involved descriptive statistics, group, variable, and model comparison.  
The plan for various analyses follows, organized by aim. 
Aim 1 Initial Precision Capability Analysis  
 
In Aim 1, we sought normative data, so the following discussion focusses on our initial 
expectations with regard to percentage of the population we expected to sustain the various types 
of injuries in each of the sub aims.  A broader discussion on our initial reasoning with regard to 
power calculation and precision capability can be found in the precision capability analyses in 
Aims 2 and 3.   
 For the Aim 1.1, we expected to evaluate approximately 600 individuals for central 
tendencies and distribution of time until TRMI.  We expected approximately 40% of the 
population to sustain some type of TRMI as defined within the ICD 10 codes attached in Table 
(1).15   
Aims 1.2 and 1.3 sought to evaluate specific types of injury; bone stress injury and soft 
tissue injury respectively.  For 1.2, we expected approximately .05 of the population to sustain a 
bone stress injury based on historical medical data in the IET population.15,21 For 1.3, we 
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Aim 1 Descriptive Analysis 
 
As outlined above, we found it most beneficial to the body of research and to the 
clinician to use time to event analysis.  Overall descriptive statistics to address Aim 1 were 
performed at the population level.  This baseline information came from the derivation of the 
Kaplan Meier survival curve (Figure 8) and the accompanying survival function, the simplified 
explanation of which is the probability of being event free at time (t).168 The equation can be 
described as 1 – cumulative event function or more clearly stated, a multiplication of each of the 
probabilities of surviving to each time period until time (t). 
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Additionally, the hazard function was also calculated.  The hazard function is not to be 
confused with the cumulative event function as it is neither a measure of survival nor a measure 
of cumulative event but related to both.168  It can be thought of as the probability of the 
occurrence in the next small measure of time given that the subject has not experienced the 
occurrence until that point.  The addition of the hazard ratio was calculated in order to serve as a 
baseline for comparison to results found in aims 2 and 3 where the hazard ratio will be used.   
The novel aspect of these data is that they are useful to researcher, clinician and training 
planner alike.  Not only does it show the survival data of the entire population, it also shows 
when in the training calendar the steep drops in survival occurred.  Graphically, the steep drops 
may indicate a period of training where significant portions of the population exceed various 
tissue capacities.  We hope that these initial descriptive statistics drive future research that 
evaluates load during basic training in an effort to efficiently train Cadets and Soldiers while 
minimizing injury through careful application of load.   
The descriptive statistics will also provide a baseline for additional analyses that will be 
conducted as parts of Aims 2 and 3.  Population level statistics will also provide baseline for 
historical normative data and can later help determine the efficacy of future interventions.  
Finally, we attempt to make full use of the injury data collected, specifically using the temporal 
status of the injury in accordance with guidance from the field of epidemiology.156  
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Aim 2 Initial Precision Capability Analysis 
 
In our study, we had a set sample size that was limited by the number of applicants 
admitted to USMA and the number of those admitted who consented to and had accessible data 
in both the SPORT and JUMP-ACL studies.  For this reason, we did not perform an analysis in 
an attempt to determine a sample size sufficient to provide a pre-determined power.  Rather, 
prior to conducting the analyses, we analyzed the precision with which we could make 
statements regarding our results.  In this, we used the same equation normally designed to find a 
required sample size, but will solved for power to make a statement regarding precision.   
 In Aim 2.1, we compared two groups: males and females.  The West Point class is 
normally approximately 25% female and thus we expected the group sizes to be approximately 
450 males and 150 females.  Calculations for precision capability were performed using 
G*Power 3.1.  Using these sample size estimates, using an a of 0.05, and a one tailed test, we 
found ourselves sufficiently powered (1-b≥0.8) to detect an effect size of 0.29 or greater.   
 In Aim 2.2, we planned to do a similar comparison between those who sustained an 
injury and those who did not.  We anticipated approximately 0.5 of the population to report a 
previous injury.  Again, we used an a of 0.05, and a one tailed test, and found we were 
sufficiently powered (1-b≥0.8) to detect an effect size of 0.21 or greater. 
 In Aims 2.3-2.5, the groups were based on movement quality category, cadence, and PT 
run score.  Given how we defined the categories, we anticipated approximately 0.5 of the 
population to be in each of the two categories.  Given these estimates with an a of 0.05 we found 
we were sufficiently powered to detect an effect size of 0.21 or greater for these analyses.   
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 In Aim 2.6, because of the manner in which we delineated the BMI categories, we 
expected approximately 100 Cadets to be either underweight or obese.  Using these sample size 
estimates, we would have been sufficiently powered to detect an effect size of 0.36 or greater.    
 It should be noted that there is a diminishing power to detect a meaningful difference, 
particularly with the BMI category.  Given that the Cadet population has been historically 
homogenous with regard to BMI, this was a limitation of the study, which is further expounded 
upon in Chapter 5 of this manuscript.  Additionally, a post hoc power analysis was conducted 
and can be found in Chapter 6.   
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Aim 2: Descriptive Statistics, Variable, and Group Comparison 
 
Aim 2 first required a review of descriptive statistics for groups based on sex, injury 
history, movement category, cadence, performance on the PT run, and BMI. Descriptive 
statistics for these groups were performed in the same manner as in Aim 1 for the population as a 
whole.  These descriptive statistics served as a means for variable comparison as well as 
provided helpful information to researchers, clinicians, and those who plan military training.   
 The survival function, as was described in Aim one provided one means of comparison 
for the data.  For univariate comparison, the log rank test was applied.  For further comparison, 
we used the Cox proportional hazard regression model. The Cox proportional hazard model is a 
non-parametric regression model that is capable of evaluating the contribution of multiple 
variables to the overall hazard function while allowing censoring and producing a time to event 
outcome.168 
The hazard function, which the model predicts, as explained in Aim 1 is a very short-term 
event rate estimation for those, who going into that very finite time period, have not yet 
experienced the event.  It is different than the prediction of the survival function in that the 
hazard is an incidence rate and not a probability.  The equation for the hazard function is simply 
written as 169 
As with any model, there are assumptions that we made for the use of the Cox 
proportional hazard regression model.  Most importantly was the requirement for proportionality 
of hazards.  In this assumption, we stated that the hazards we compared (baseline versus hazard 
with the addition of the variable we are evaluating) either diverged or converged at a fixed rate.  
For a visual depiction of this, see Figure 9.170  We initially proposed evaluated the 
proportionality of the hazards by graphing the loge hazards over time with the equation Log -Log 
t 0
[ | ]limit P t T t t T t
tD ®
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S(t).  These lines should be parallel, or more generally maintain a constant distance apart (See 
Figure 9).170  If this was true, then the proportional hazards assumption was met.  For the 
purposes of the manuscript, we decided upon testing the significance of variable by time 
interaction was tested for each variable.  If the variable by time interaction was significant, then 
the proportionality of hazards assumption would have assumed not to have been met.   
Figure 9: Demonstration of Proportional Hazards 
 
 
Footnote: Both graphs demonstrate a proportionality of hazard.  On top the two lines are 
becoming consistently farther apart and, on the bottom, maintaining a consistent distance apart.  
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Had the proportional hazards assumption not been met, we had a mitigation strategy.  
Should the aforementioned methods of checking the assumption have shown hazards did not 
diverge or converge at a fixed rate over time, our plan was to add a time by variable interaction 
term to the model as a separate variable. This would have allowed us to continue to use the 
variable we are evaluating despite the time by variable interaction.   
Each variable was checked for proportionality and in the absence of an interaction 
variable, the multivariable model equation was written in the following manner:  hx(t)=h0(t)(b1x1 + 
b2x2 … bpxp), the mathematic derivation of which was 
log[ HR(𝐱)]=logℎ(𝑡|𝐱)ℎ0(𝑡)=𝛽1𝑥1+…+𝛽𝑝, with logh(t/x) being the log of the hazard at time t for 
the variable x, 𝑥 y being defined as the various predictor variables, and the 𝛽 coefficient being the 
increase in the log hazard ratio for a one unit increase in (or presence of) the x predictor variable.  
It is thus not a model of the hazards per say but rather a model of the difference of the hazards at 
time t from the baseline group wherein all the predictor variables are at the null or baseline.  This 
model of the equation is important as it allowed us to control for variables that may be non-
modifiable but yet impact the hazard.  We used it to specifically control for sex and previous 
injury and then evaluate the coefficient for each variable independently in this univariate analysis 
section.  The nature of the model would have allowed for the recurrence of an event, in this case 
injury.171  However, secondary injury data did not become available during the course of the 
study and thus this aspect of the model was not used.   
Beyond the proportionality assumption, we are also made an assumption to allow right 
censoring.   We assumed the relationship between the predictor and outcome variable were the 
same in those subjects who were censored and those not.  We also assumed normality of 
distribution of the estimated coefficients.  
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For Aim 2.1, the comparison of men's time to TRMI versus women's TRMI was first 
analyzed using the log rank test.  Once again, this compared the overall survival time or time to 
TRMI for men and women to determine the presence of a statistically significant difference in 
the survival of the two groups.  In order to further analyze the variable, we wanted to control for 
the presence of a previous injury because of the aforementioned correlation between prior injury 
and the occurrence of TRMI.12,28,41 To accomplish this, we compared the hazard functions using 
the Cox regression method described above and analyze the contribution of the predictor variable 
sex to the hazard function. 
For Aim 2.2, to evaluate the assumption regarding previous injury, we also used the log 
rank test to compare the overall survival time or the time to TRMI for both the groups containing 
those who did or did not report a previous injury in the BLQ (specific questions referenced in 
chapter I).  We also further analyzed the variable by evaluating its contribution to the overall 
hazard function by controlling for sex using the Cox regression model.   
For Aims 2.3-2.6, we analyzed the difference in TRMI survivability between those 
displaying good and poor movement quality and those with high and low cadence, those with 
“good” and “poor” PT run scores, and those with low- and high-risk BMI respectively, using a 
similar pattern.  The groups were first compared using the log rank test and then we controlled 
for both sex and previous injury by analyzing the variables' contribution to the change in the 
baseline hazard function using the Cox regression method.   
Conducting these specific analyses for Aims 2.1 – 2.6 enabled us to first understand the 
between group differences in variables that have historically demonstrated statistically different 
rates of TRMI injury in the case of Aims 2.1 and 2.2 (sex and previous injury, respectively).  We 
then analyzed our test variables independent of historically confounding variables and then when 
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controlling for confounding variables.  We believe this depth of analysis was vital in 
understanding the importance of variables in this population and in understanding the validity of 
the potential test variables.  Additionally, the information that these tests yielded were helpful to 
better understand the injury profile for cadets matriculating at USMA and we intend the 
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Aim 3 Initial Precision Capability Analysis 
 
As in Aim 2, we had a set sample size that was limited by the number of applicants 
admitted to USMA and the number of those admitted who consented to and had accessible data 
in both the START and JUMP-ACL studies.  For this reason, we again did not perform an 
analysis in an attempt to determine a sample size sufficient to provide a pre-determined power.  
Rather, we conducted analyses to determine the precision with which we were able to make 
statements regarding our results.  Unlike Aim 2, Aim 3 introduced combined risk models and 
multiple variables, which presents difficulty when attempting to forecast the sample size within 
the different subcategories. Prior to conducting the analyses, a sample scenario for each sub-aim 
was conducted to determine the capability of the model to detect a between group difference, 
given the number present in the category, Given the generality of the examples, we chose to 
initially analyze at an a of 0.05 with two tails.  
 In Aims 3.1 and 3.2, we compared two groups: 3.1 compared those with a combined 
high-risk movement impact profile and those with a combined low risk movement impact profile 
and 3.2 compared those with a combined high-risk performance profile and those with a 
combined low risk performance profile.  Initially, we sought to trichotomize the variable 
categories and approach with a 3x3 matrix below.  Given the delineation of the categories, we 
initially thought it reasonable to assume 200 cadets to be in each category of combined risk. If 
this were the case, we found that we were sufficiently powered to detect an effect size to 0.25.  
If, however, the group sizes went to approximately 100 for each group (meaning 400 for the 
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Figure 10: Initial Design of Combined Risk Matrix  
 
 
3.1: Cadence Risk 
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Sufficient power to detect an effect size only down to 0.4 was a significant weakness of the 
model design and was, in combination with the desire to simply variables into dichotomous risk 
levels, why we decided to compress the category to a 2x2 model noted below.      
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Figure 11: Final Design of Combined Risk Matrix 
 
 We assumed a greater number of persons, at minimum of 150 versus 100, would be in the 
low risk categories given this compressed model. In this case, we would have the ability to detect 
an effect size down to 0.29.  While still large, the precision capability of the model was improved 
by this change. 
 In Aim 3.3 and 3.4, we controlled for covariates and added cadence or movement to a 
multi-variable prediction model that already contains the movement or cadence variable 
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ability to detect the elevation in hazard ratios associated with the specific variables. We again 
used an a of 0.05 and provided an estimation of 0.2 of R2 contributed by variables other than the 
one we are evaluating, we found we would be sufficiently powered to detect a odds ratio down to 
0.71 (or over 1.41).  Secondarily, as a second example in this Aim, if we held all values the same 
but estimated 0.5 for R2 contributed by variables other than the one we are evaluating, the model 
could detect a hazard effect ratio equal to or under 0.67 (or over 1.50).  
For Aim 3.5, we compared and attempted to identify the most parsimonious model.  The 
important factor of the calculations was the accuracy of their individual variable coefficients.  
Thus, similar to 3.3 and 3.4, we chose to evaluate the ability of the model to detect a change in 
the hazard effect ratio.  In the example noted in the initial assessment, we held the above 
assumptions but changed R2 other an X to 0 to demonstrate the model's capability in this case.  
Given those assumptions and the continued estimated sample size of 600, we found were 
powered to detect a hazard ratio effect of less than or equal to 0.75 (or over 1.33). 
For Aim 3.6, we sought to evaluate a model that included those variables found to be 
significant in the univariate analysis.  To assess the precision capability of the model, I again 
used two examples of contribution of R2 from other variables to provide information as an 
exhaustive analysis of precision would have been unnecessarily detailed.  Our analysis found that 
if other variables contributed 0.1 to R2, with a sample of 600, we were powered to detect a 
hazard ratio of less than or equal to 0.74 (or over 1.36), whereas if other variables contributed 
0.4, we would be powered to detect a hazard ratio less than or equal to 0.69 (or over 1.45) 
 The purpose of the estimation of precision in these cases was not to be inclusive of all 
situations because to clearly state all assumptions and articulate the changes would be overly 
detailed. Rather, the purpose of the above estimation was to provide an idea of the range of 
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precision that, given our sample size, we could reasonably expect to have in our model.  It is 
important to note that in many of the cases listed above in the multivariable models, we were 
required to have rather significant hazard ratios present to detect the presence of a hazard ratio 
that is significantly different than zero.  This is an inherent weakness of the multivariable 
modeling we chose to use and must be considered when reporting the results  
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Aim 3 Model Comparison 
 
Aims 3.1 and 3.2, which compared time until TRMI in those with high combined risk in 
the movement impact and performance models with those with low combined risk in those same 
models, respectively used a technique similar to Aim 2.  While controlling for both sex and 
previous injury, we analyzed the predictor variables' contribution to the change in the baseline 
hazard function using the Cox regression method to determine if the category status significantly 
affects the baseline hazard function.   
 For Aims 3.3, and 3.4 the comparisons are slightly difference because the goal was to 
compare the predictive capability of the models versus the value of the addition of an additional 
predictor variable.  We accomplished this with two separate methods.  First, as in aims 3.1 and 
3.2, we controlled for both sex and previous injury for both aims.  For Aim 3.3 we developed a 
model with the control values (sex and previous injury) and movement quality as an independent 
variable.  We then added cadence as an additional independent variable.  We used Cox 
Regression analysis to determine the value and statistical significance of cadence as it relates to 
the change in the function.  Initially, we hypothesized that the addition of the variable would be 
significant within the model and thus we planned to treat the addition of cadence as a separate 
model ({control variables + movement quality} vs. {control variables + movement quality + 
cadence}), and compare them using Martingale residuals and by plotting modeled versus 
predicted S(t).   Plots and situational examples were to be used to illustrate the effect of the 
cadence variable addition.  These illustrations were intended to be in manuscripts for clinicians 
so they can determine if the value of adding a cadence to a screening is worth the additional time 
and equipment requirement.  Aim 3.4 was to analyzed in similar fashion but first using cadence 
and analyzing the addition of movement quality.  However, cadence was neither significant as a 
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single variable nor in its inclusion in a multivariable model.  Thus, there was no need to further 
analyze the predictive capability of the variable.  There is greater detail on this in chapter 5 of 
this document.  
Aim 3.5 dealt with the comparison of two distinct models and thus, the means by which 
the Aim is accomplished will be not include analysis of the variables themselves as in Aims 3.3 
and 3.4.  Rather, the models will be compared solely based on their precision.  We again 
hypothesized the variables within each model would be significant and thus planned to calculate 
and plot Martingale residuals for each model and to plot the model predicted S(t).  The 
comparison of these plots was to serve as the means by which the models' precision will be 
compared.  This comparison technique has precedence in other areas of research using time to 
event models, particularly in comparing survival models in cancer research.172    However, as 
articulated in the Aim above the data did not require this comparison.  
Aim 3.6 focused on the assessment of a model containing those variables that were 
significant in univariate analysis.  For this model, we took the analyses from Aim 2 above and 
added variables in a step-wise manner and analyzed the model as a multivariable model using 
Cox Regression analysis after each addition to determine if the variable remained significant.  
We then used the Akaike Information Criterion to compare model precision to that of the models 
outlined above.   
Finally, it should be noted that the analyses of the data, particularly in Aim 3 raised 
questions regarding model validity for each subgroup and the idea of modifiable and non-
modifiable variables.  Chapter 6 thus focuses on using time to event analysis to compare 
modifiable (LESS score and PT run score) variables with non-modifiable variables (sex and 
history of injury) and furthermore analyzes how the presence of non-modifiable variables 
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influences the significance of the modifiable variables in predictive modeling.  Greater detail can 
be found in Chapter 6 of this document.  
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CHAPTER 4 (MANUSCRIPT 1): MUSCULOSKELETAL INJURY IN CADET BASIC 
TRAINING: A SURVIVAL ANALYSIS1 
Background  
 
Cadet basic training at the United States Military Academy at West Point (USMA) 
represents the first 7 weeks of training for entering cadets.  Similar to other military basic 
training, or initial entry training, the environment is designed to improve the health and 
resiliency of the cadet and challenge him or her in a variety of realms.  Physically, they are 
required to quickly advance their abilities and perform at the same level as soldiers in regular 
units across the Army.  During cadet basic training, cadets progress rapidly to military standards 
like walking 12 miles with over 35 pounds of gear  in just 7 weeks.173  Cadets are also expected 
to run on multiple days of the week and pass a physical fitness test that includes push-ups, sit-ups 
and a two mile run.33    
This type of training significantly impacts the musculoskeletal system, particularly in the 
lower extremity, often rapidly increasing the individual's  cumulative mechanical load. Though 
often effective for training, the drawback is that 75% of all musculoskeletal injuries in military 
training are due to "cumulative microtraumatic injuries caused by repeated low intensity 
forces."15   Cadet basic training unfortunately produces many such injuries that are overuse in 
nature,174,28  including but not limited to muscular strains, tendonitis, medial tibial stress 
                                                        
1 Chapter 4 is the epidemiological analyses of the dissertation data.  As it is designed to be in 
manuscript form, it does contain a review of concepts, literature, and analysis outlined in the 
previous three chapters.  A condensed form of this chapter was submitted to AJSM for 
publication in October, 2020 and following editorial review, will be sent to OJSM.   
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syndrome, and stress fractures.14,15,174 The burden of these injuries is large; in a recent study of 
Army initial entry training, musculoskeletal injuries cost approximately $200 million each 
year.15 The injuries can also negatively impact training, combat operations, and military 
readiness.175  Due to the impact of these injuries, it is important to take continued steps towards 
mitigation. An epidemiological study to identify the factors and mechanisms associated with 
injury is a key step towards sports injury mitigation.176  
One risk factor to consider is body mass index (BMI).44 A high BMI has been correlated 
with musculoskeletal injuries, specifically those that occur with running9 and a low BMI has also 
been correlated to decreased survival time to injury in the basic training population.45 Weight, as 
a singular variable, has also been correlated with injury in populations undergoing basic 
training.9,50 Previous injury is also a well-known predictor of future injury in many sports and 
activities in both civilian and military populations.12,28,41,174,177,178 Finally, sex is a significant 
correlate to injury in the military population where women are injured at nearly twice the rate of 
their male counterparts.39,179,180 particularly less fit women.40  Alongside these potential risk 
variables, it is also important to assess load toleration and the schedule of training.  Researchers 
have asserted that it is not just the cumulative load, but the time over which that load is 
experienced, that is correlated to musculoskeletal injuries.38,67,181 The temporal aspect of the load 
application offers a valuable option for injury mitigation through better understanding of time 
varying load application.158,159  
 To best inform future training, load application, and intervention to maximize injury 
mitigation, we must delineate the timing of injury and how that timing differs based on certain 
risk factors. Therefore, the purpose of this study is to examine both the incidence and timing of 
injuries during cadet basic training.  We will highlight overall and specific injury types in 
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addition to overall and sub-group injury timing. Subgroup categories include sex, history of 
injury and BMI category.  Additionally, we will compare survivability of injury between groups 
using time-to-event analyses.   Our hypothesis is that females, those with a history of injury, and 




Participants and Data Collection 
 
We combined the data from two separate prospective cohort studies, both of which 
evaluated cadets entering West Point in 2018, to accomplish the stated objectives.  Data on 
injury history and demographics were collected as part of the JUMP-ACL study and data on the 
physical fitness test score was collected as part of the SMART study (Figure 12).  Injury 
surveillance data was drawn from both studies. The current combined study represents a 
partnership between military and civilian institutions and had IRB approval from Regional 
Health Command-Atlantic IRB and the University of North Carolina at Chapel Hill IRB.  Data 
and injury information were merged by an IRB-approved third party at West Point.   
All subjects from both studies were drawn from a from the West Point class of 2022 as 
they were entering cadet basic training in 2018.  Recruitment for both studies occurred on day 2 
of training where the tests and procedures for the larger study were explained. Information was 
delivered both verbally and in written format. Because of the USMA's age standards for entry, all 
participants were emancipated minors or adults between the ages of 17 and 22. Cadets who 
consented to the study were excluded only if they stated they felt pain or did not feel as though 
they could complete the physical component of one of the studies.  Participants understood that 
 
 101  
they were not receiving any reimbursement for participation in either of the studies. Data on the 
participants were combined following the 60-day injury surveillance period.    
 
Injury Surveillance and Outcomes 
 
Injury surveillance data originated from internal electronic medical records at West Point. 
Specifically, these data were collected from both the Cadet Injury and Illness Tracking System 
and Armed Forces Health Longitudinal Technology Application. Due to West Point being a 
closed medical system meaning that the medical needs of the cadets are met within the military 
healthcare system, all injury data were entered into one of these two systems. In the normal 
course of events, if a cadet felt pain and/or sustained what was perceived to be an injury, he or 
she would have presented to sick call where a healthcare provider would document the details of 
the pain/injury, the diagnosis, and plan of care in the electronic medical record.  Details of any 
visit to a medical provider (MD, PA, PT, etc.) would be placed in the record. For the purpose of 
this study we are defining an injury any condition of the musculoskeletal system involving the 
lower extremities or pelvis for which the subject sought medical care.  It is important to note that 
only researchers and clinical staff at West Point had access to the medical records and injury 
data.  Injury results were assigned to a subject ID and shared in a manner to prevent transmission 
of personally identifiable information and protected health information. If one data set indicated 
an injury and one did not, the subject was considered to have the injury reported by the single 
data set.   
 An electronic search for injuries that occurred during the first 60 days for cadets entering 
West Point in 2018 was conducted within both the electronic medical record systems. Cadet 
basic training is normally 48 days in length, but we included days following return from training 
in order to capture those injuries that were sustained during but not reported until following 
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completion of training.  A complete list of ICD-10 codes used in the search can be found in 
Appendix 1.   The majority of injury codes used were overuse in nature.  Joint and soft tissue 
pain codes were included, for which there is precedence.15,39,163   
Demographic and Historical Injury Data 
 
Data on history of injury came from questions on the Baseline Questionnaire answered 
just after consent. In 2018, this questionnaire was 61 total questions in length with either 
dichotomous answers or multiple-choice answers, and was filled out using a Scantron form.  
Information included what specific anatomical tissues were involved, when the injury occurred, 
whether surgery was required, the laterality of the injury, and if the injury currently interferes 
with physical activity.  Given the dichotomous status of history of injury as a significant 
correlate to injury noted in the literature, for the purposes of our study, if subjects answered in 
the affirmative to any previous injury questions, they were coded as having a history of injury.  If 
they answered in the negative to all injury questions, they were considered to have a negative 
injury history.  A missing response was assumed to represent the absence of an injury.  
BMI was calculated from the height and weight measured during the day 2 physical fitness test 
and categorized into three groups: underweight (BMI<20), middleweight (20-29.99) and obese 
(≥ 30).	Finally, sex was a variable collected as part of general demographic information.  Sex 
was defined as a dichotomous variable with either male or female as the potential group.  This is 
in accordance with the demographic selection options at USMA. 
Statistical Analyses 
Baseline descriptive statistics including the mean (+/- SD), IQR, and median, days until 
injury were calculated for each type of injury as well as for each subgroup (i.e. male/female). We 
created survival curves using the Kaplan Meier method derived from 1 minus the cumulative 
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survival function to illustrate the behavior of survival time until injury. The simplified 
explanation of the survival function is the probability of being event free at time (t) having made 
it to time (t),168 which we measured in days. The population was fixed as all cadets start training 
on the same date and all consented on the same day.  No subjects could enter the study at a later 
date and right censoring was performed at the completion of the surveillance period (60 days). 
To examine the difference between the survival curves, we used the Log Rank test.  
  Additionally, we used the hazard function as part of the Cox proportional hazards model 
to estimate hazard ratios.  The hazard function is not to be confused with the cumulative event 
function as it is neither a measure of survival nor a measure of cumulative event but related to 
both.168  It can be thought of as the probability of the occurrence in the next small measure of 
time given that the subject has not experienced the occurrence until that point.  The equation for 
hazard ratio comparison is derived from the proportional hazards model equation: hx(t)=h0(t) * 
ebx where h0 is the baseline hazard and hx is the hazard in the presence of the variable being 
considered.  95% confidence intervals were assessed to determine the significance of the 
variables and the proportionality of hazards was evaluated using variable by time significance 
testing (a=0.05).     
Results 
 
Central Tendency Measures of Times to Event 
 
A total of 595 cadets consented and provided data for the study (48.4% participation, 
Figure 12). A breakdown of pre-injury baseline demographic factors is presented in Table 5.  
The study's cohort was largely male (n=457; 76.7%).  Overall, 178 (30.0%) of cadets reported a 
history of injury prior to starting at West Point.  BMI ranged from 18.2 to 40.7 with 19 cadets 
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(3.2%) being obese (≥30 BMI) and 21 (3.5% )  being underweight (<20 BMI). No females were 
classified as obese versus 19 males.  Six females were classified underweight versus 15 males.   
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Figure 12: Study Flow Diagram 
 
During the first 60 days at West Point, 97 of the 595 (16.3%) of the cadets experienced a 
training related musculoskeletal injury.   Eighty-seven, (89.7%) of those injuries involved soft 
tissue and 9 (9.3%) of the injuries were stress fracture.  The latter represents a 1.5% cumulative 




Total number of Cadets 
Reporting for R day (n=1230) 
Excluded  (n= 35) 
• Not present at consent 
• Left USMA prior to Day 2 
• n=595 (457 male) 
• Consented and provided viable data to both studies 
• Data: Injury history, BMI, and demographics 
 Completed JUMP-ACL Screen 
• n=998 
 Consented to JUMP-ACL Study  
(provided Injury history and demographics) 
• n= 998 
 
Completed SMART Study 
• n=740 
Consented to SMART Study 
(provided run score) 
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Among females 29.5% sustained at least one injury compared to 12.2% of males. When specific 
to stress fracture, females had a greater incidence of injury at 2.9% compared to males at 1.1%.  
Female incidence of soft tissue injury was also greater at 26.6% versus males at 10.9%   
 Mean, and median times to musculoskeletal injury for each subgroup based on sex, 
history of previous injury, and BMI are shown in Table 6.  The central tendencies are organized 
by type of central tendencies and categorized by potential variable (e.g. sex). 
Table 5: Summary of Baseline Demographic Factors 
 
Characteristic n % 
Sex     
Male 457 76.81 
Female 138 23.19 
      
BMI Class     
Underweight (<20) 21 3.53 
Mid-weight (20-30) 555 93.28 
Obese (>30) 19 3.19 
      
Injury History     
Yes 178 29.92 
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Table 6: Injury characteristics by sex, injury history, and body mass index (BMI) 
 
(*N/A in cells denotes categories with 0 or 1 injuries where calculations could not be completed) 
Survival Analysis Results and Comparison 
 
 Visualization survival time comparisons during the follow-up period can be seen on the 
Kaplan Meier curves (Figures 13-15).  Univariate hazard ratio comparisons are illustrated in 
Table 7. The proportional hazard assumptions were met for all comparisons as indicated by an 
insignificant variable by time interaction, however it must be noted that for BMI, the Kaplan 
Meier survival curves do cross, indicating the possibility of a lack of proportionality of hazard.   
There were significant differences in survival time between males and females for lower 
extremity injury during the follow up period (p<.001).   There was notable separation between 
the two groups that emerged around week 3 of training (Figure 13). Cox proportional hazard 
ratio comparison is presented in Table 7 with females having a greater hazard rate than men 
(HR=2.63, 95% CI: 1.75, 3.94).  
  
 
Male Female Hx of Injury No Hx of Injury Obese Underweight(<20) BMI 20-30
Number of Injuries 97 56 41 41 56 2 5 90
Mean Days to Injury 19.14 18.00 20.71 23.12 16.23 8.00 18.20 19.44
SD of Mean Days to Injury 14.19 14.56 13.68 15.60 12.41 8.49 7.98 14.51
Median Days to Injury 15.00 13.00 18.00 19.00 13.00 8.00 21.00 15.00
Interquartile Range 5.00-25.00 2.75-23.25 10.75-25.50 8.50-29.50 5.25-20.75 2.00-14.00 11.50-30.50 5.00-25.00
Overall Men Women Hx of Injury No Hx of Injury Obese Underweight(<20) BMI 20-30
Number of Stress Fractures 9 5 4 1 8 0 0 9
Mean Days to Stress Fracture 16.56 19.80 12.50 7.00 17.75 N/A N/A 16.56
SD of Mean Days to Stress Fracture 12.36 16.27 3.87 N/A 12.65 N/A N/A 12.36
Median Days to Stress Fracture 13.00 9.00 13.50 7.00 13.50 N/A N/A 13.00
Interquartile Range 9.00-17.00 0.00-36.00 8.50-18.50 N/A 5.00-22.00 N/A N/A 9.00-17.00
Overall Men Women Hx of Injury No Hx of Injury Obese Underweight(<20) BMI 20-30
Number of Soft Tissue Injuries 87 50 37 40 47 2 5 80
Mean Days to Soft Tissue Injury 19.63 18.18 21.60 23.53 16.32 8.00 18.20 20.01
SD of Mean Days to Soft Tissue Injury 14.33 14.47 14.09 15.58 12.40 8.49 7.98 14.69
Median Days to Soft Tissue Injury 17.00 13.50 19.00 19.00 13.00 8.00 21.00 16.00
Interquartile Range 7.00-27.00 3.50-23.50 12.00-26.00 9.50-28.50 5.00-21.00 2.00-14.00 20.00-22.00 5.75-26.25
Overall
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Figure 13: Kaplan Meier Curves by Sex 
(For Details on X axis events, see Appendix 5) 
 
Significant differences also existed in survival time between those reporting a history of 
injury and those reporting no history of injury (p <.006).  Separation in survival curves between 
these groups appear to expand during week 4 (Figure 14). Cox proportional hazard ratio 
comparison is presented in Table 7 with those with a history of injury having a greater hazard 








































Kaplan Meier Survival Curve to Overall Injury By Sex 
(Days 0-60)
Male Survival Female Survival
Log Rank: p < .001
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Figure 14: Kaplan Meier Curves by History of Injury 
 
Comparison across the three categories of BMI were difficult because of distinct 
homogeneity of the sample.  Underweight and obese categories were largely under represented.  
It appears that underweight individuals experienced a decline in survival following the Warrior 








































Kaplan Meier Survival Curve to Overall Injury By 
History of Injury (Days 0-60)
History of Injury No History of Injury
Log Rank: p < .006
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Kaplan Meier Survival Curve to Overall Injury By BMI 
Category (Days 0-60)
Middleweight BMI Underweight BMI Obese BMI
Log Rank: p = 0.522
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Gender Female vs Male 2.63 1.76 3.94 
Hx of Injury Injury Hx vs No Injury Hx 1.76 1.18 2.64 
  BMI Cat 
Underwt vs middlewt 







 Underwt vs Obese 2.34 0.45 12.06 
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Discussion 
 
Survival curve and hazard ratio comparison showed that there are significant differences 
in time until training related musculoskeletal injuries between males and females and between 
those with injury history and without injury history, but no significant differences were observed 
between categories of BMI.  These results may indicate a distinct difference in load tolerances 
among cadets and inform mitigation based on individual characteristics.     
Cumulative Incidence for Injury Outcomes of Interest 
 
Our observations are similar to previous research at West Point and in other initial entry 
training populations. The overall incidence of injury was equivocal to previous studies on West 
Point cadets but slightly less than the incidence of injury in initial entry training overall.15,49,174 
Stress fracture incidence, specifically, was slightly lower than in previous cohorts of West Point 
cadets 174 and moderately lower than that found in other initial entry training environments.15,49  
Differences in Survival by Sex 
 
Our observations of a shorter survival time until injury for females are consistent with 
several studies that have highlighted a greater risk of musculoskeletal injury for females during 
military training.174,182–184There are a number of potential reasons for the noted disparities 
between the sexes.  Though the literature is somewhat divided on which sex has greater muscular 
endurance, largely due to differing outcome metrics,185–187 most literature agrees that compared 
to their male counterparts females demonstrate decreased absolute strength and power of the 
upper and lower extremities.188,189 Females overall are also generally smaller with lesser muscle 
mass and given that many of the physical training requirements require strength and/or power, a 
load that is equal for both sexes may require comparatively more from the female cadets leading 
to an overloaded state.   
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Tissue overload is dependent upon the individual's tissue capacity at that time and is 
influenced by a variety of factors. A previous theory on patellofemoral pain154 posits that each 
tissue has a zone of homeostasis and that this zone has an upper limit that can be exceeded by 
either too much load or too great a frequency of load, or some combination thereof. When the 
zone of homeostasis is exceeded, there is a zone of supraphysiologic overloading wherein tissue 
remodeling and positive adaptation can occur to build strength and increase the tissue capacity.  
When load exceeds the zone of supraphysiologic overloading, it reaches the zone of structural 
failure.  In the case of some of the female cadets, the load required for training, though overall 
equal to their male counterparts, may be proportionally greater and, at times, exceeds the zone of 
supraphysiologic overloading.  This resultant greater load for most females over time may lead 
to a depressed survival curve for women across cadet basic training.  
Expanding slightly on the above concept, surpraphysiological overloading also appears to 
have a temporal component that may explain time to injury in this population.38,144,152  The 
temporal concept of tissue overload is, in effect, the acute to chronic workload ratio (ACWR). 
Usually evaluated over a 4-5 week cycle, the ratio is the training load of 1 week over the average 
load of the prior 3-4 weeks.38,144  There is now a substantial amount of evidence that a ratio of 
0.8 and 1.5 is recommended for injury prevention with both Eckard38 and Gabbett153 describing a 
U-shaped relationship in the ratio.  It is possible that some female cadets were overloaded by the 
acute load necessary to complete the training relative to their individual chronic load.  This may 
explain the differing survival curves that occur early in the training cycle around the more 
exhaustive events like the Warrior Competition and 12 mile ruck, and also gives credence to a 
developing case in the military literature that injury rate me be more a function of physical 
condition at the start of training than of the sex of the individual.46,190  
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Differences in Survival by History of Injury  
 
Our observations that those with a history of injury had a lesser survival time until injury 
is consistent with injury history being correlated with greater risk of injury in a variety of 
populations.12,28,41,177,178  Specific to the cadet population at West Point, Kucera et al174  
demonstrated a strong correlation between  injury history and injury incidence in cadet basic 
training. We propose two reasons that this specific relationship could exist, both relating to the 
concept of tissue overload. First, the risk of injury may lie with lack of proper rehabilitation and 
less optimal tissue capacity.191 Second, reduced tissue capacity for both load and recovery could 
lead to lesser survival time until injury due to the inability to remodel in time sufficient to 
tolerate the subsequent load without injury..   
There is also evidence to suggest a disruption of sensorimotor abilities following 
injury,191 which describes the second reason those with a history of injury may experience lesser 
time to injury; that lingering kinematic and/or neuromuscular deficits result in altered movement 
and loading profiles.  Evidence for altered loading profiles is found elsewhere in the literature, 
particularly in those who have undergone ACL reconstruction where altered kinematic changes 
can follow injury.192,193 Changes in one’s kinematic or kinetic profile may alter the tissue specific 
loads experienced during training.  This change appears to decrease the load tolerance of the 
tissue for some, again leading the person to exceed the zone of supraphysiologic overload and 
resulting in a decreased time until injury.  
Differences in Survival by BMI 
 
Though the survival curves appear to show a drop in the survival curve following the 
Warrior Competition, our analysis showed no statistical difference between categories of BMI.  
It is important to note, however, that the obese and underweight categories were 
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underrepresented.  Previous research is conflicting on BMI's correlation to injury. Psaila and 
Ranson194 reported that BMI was not associated with injury risk, while Jones49 found that males 
with greater BMI had greater risk of musculoskeletal injury during training. Knapik et al45 
described a univariate correlation between injury risk and recruits with both high and low BMI, 
though only low BMI was observed to be valuable as an independent risk factor in their Cox 
regression model.   The apparent drop in the survival curve after the Warrior Competition for the 
underweight category also occurs in week three, which is common in basic training195,196 and 
thus may be a function of the cumulative load at that point and not the Warrior Competition 
itself.   
Limitations 
 
As with any study, there were inherent weaknesses that bear highlighting.  First, the 
timing of major physical events does not highlight proximity to other training events that may 
have altered the true or perceived tissue load experienced by the individual cadet.  For example, 
cadets from one company may have gone directly from a range or night training to a major 
physical event, while cadets from another company may have been more rested.  Though cadets 
all do the same training, limitations on space and equipment require their training to be 
conducted at different times.  Additionally, the day of injury used is the day the injury was 




The novelty of the manuscript lies in the reporting of survival time until injury, which 
provides information to those planning training as well as a baseline for future studies. The 
survival curves in Figures 1-3 are aligned with the training schedule for cadet basic training, 
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which highlight the significant physical events required of the cadets and those events' temporal 
relationship to survival to musculoskeletal injury.  This manner of delineating the survival time 
until injury has the capability of enhancing the current methodology in developing cadet basic 
training.  Using these type of injury analyses are clinically applicable as they can better inform 
load application, and highlight where overloading may occur; all of which optimize load 
application and can help mitigate injury risk.67   
Future Studies 
 
In future studies, the use of  more exact load monitoring can more precisely delineate 
time until training related injury. Rather than viewing time until musculoskeletal injury, total 
load, until musculoskeletal injury could be used by incorporating subjective or perceived load.  
This technique may be a more accurate way of describing the total load experienced by the 
person as internal load has been shown to be equally if not more critical in determining injury 
risk than external load.38 This line of research may be of particular importance given the 
disparity between male and female time until injury, specifically to understand absolute load 
until injury, and the impact of sex and baseline physical condition on load until injury.  
Additionally, time focused mitigation strategies could be investigated.  In the single year 
of data we see that for the male/female and history of injury group comparisons, the groups 
diverge from one another between weeks two and three.  This suggests that this time period may 
offer an important period of time for mitigation strategies. For example, specific and structured 
warm ups aimed at improving kinematic and kinetic patterns with feedback could be further 
emphasized during this period as even short periods of biofeedback have been shown to be 
useful in decreasing injury risk.31,132,197  The proximity of injury divergence for the sex and 
injury history categories also could suggest the need for pretraining conditioning for some, 
 
 117  
particularly those at greatest risk, prior to reporting to West Point as others are piloting.198 
Though this is difficult because cadets are not yet all at one location, adding such a training cycle 
with a recovery period just before the commencement of training may improve tissue resilience 
during the stressful early weeks of basic training, which could also be considered the next 
mesocycle of training. 
Conclusion 
 
Cadet basic training shows injury trends similar to that of other initial entry training 
environments.  Survival analyses show that being male and having no history of injury are 
correlated with greater survival time until musculoskeletal injury.  Our analyses also suggest that 
more data may be required to draw conclusions on the impact of BMI on survival time. 
Additionally, research on training prior to cadet basic training and then specific load addition in 
the first mesocycle of training at West Point (weeks 0-3) could be beneficial in understanding the 
acute to chronic workload change during the first segment of training.    
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CHAPTER 5 (MANUSCRIPT 1): EFFECTIVE INJURY SCREENING IN THE CADET 
POPULATION : A MULTIVARIABLE, TIME TO EVENT APPROACH2 
 
Background   
 
Initial entry training (IET) is the physical, military, and tactical training that comprise the 
first several weeks of almost every service member's military experience. 199–201 The process is 
demanding and stressful with a number of different requirements in both the physical and mental 
domains designed to assess and improve the health and resiliency of the trainee.  Physically, 
trainees are required to perform at the level of an active duty service member by graduation.  
Many must progress from a largely sedentary life to walking under loads of 35 pounds or more 
and passing a physical fitness test that requires some form of upper body assessment (i.e. 
pushups or pull ups), abdominal assessment, and a run ranging from 1.5 to 2 miles.33,200,202,203   
While this training is effective in rapidly transitioning those who may not have been 
physically active into service members prepared to train and fight, it requires a significant 
increase in load, particularly of the lower extremities. Cadets, Soldiers, Sailors, Airmen and 
Marines in IET environments spend a great deal of time on their feet performing impact and 
loaded activities.15   Their schedules are also extremely regimented, which for a portion of the
population may not allow for adequate rest and repair before the next application of load. The 
unfortunate consequence of this training for some trainees is that rapid increases in load are 
                                                        
2 Chapter 5 combines the univariate and multivariate analysis of the dissertation data.  As with 
Chapter IV, it is designed to be in manuscript form and thus contains a review of concepts, 
literature, and analysis outlined in the previous four chapters.  A condensed form of this chapter 
is currently being developed for submission to Military Medicine. 
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correlated to musculoskeletal injuries (MSKI),38,67 particularly when that load is applied without 
adequate time for tissue rest and repair.204 Injuries, specifically overuse injuries including strains, 
tendonitis, medial tibial stress syndrome, and stress fractures, are thus common in IET. 14,15,45,205 
The difficulty in identifying risk and mitigating injury in this population is partially due 
to individualized response to training load.  Though recruits are subject to the same training, the 
relative magnitude of the load required to complete the training differs for each individual.  
Factors unique to the person dictate individual load response and some factors  are more rapidly 
modifiable than others.  Sex and history of injury, for example, are unmodifiable variables that 
impact response and tolerance to the imposed training load demands.  In the military population, 
women are injured at a rate nearly twice that of their male counterparts,39 particularly less fit 
women.40  In the civilian and military populations, those with a history of previous injury in 
general are at greater risk for sustaining another injury than those without history of previous 
injury.12,28,41   
It is, however, an individual’s modifiable variables that should be the focus of research as 
they may be amendable through injury prevention programming.206–208  An individual's level of 
fitness is one example of a modifiable risk variable. Though observations differ based on sex, 
measures of cardiovascular fitness, muscular strength, muscular endurance, and flexibility are 
related to incident musculoskeletal injury34–36,99,100   Specific to the military population, 
performance on the aerobic (running) portion of military physical fitness tests has also been 
shown to be correlated with sustaining musculoskeletal injury.35,36     
Movement patterns are another modifiable variable correlated to musculoskeletal 
injury.21,42,106,209  Given that there are multiple elements of movement related to injury, it is 
efficient to screen for multiple potential risk patterns in one screen. The Landing Error Scoring 
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System (LESS) is a kinematic screen evaluates multiple "errors" during a jump landing that have 
been correlated to musculoskeletal injury.20  While the correlation to overall injury in the general 
population is mixed,19,42,142,143 Cameron et al21 found it to be predictive of stress fracture in the 
cadet military population. Importantly the LESS now provides a rapid, automated assessment of 
biomechanics known to be correlated with musculoskeletal injury.20,22 This technological 
advancement gives the researcher and/or clinician immediate access to a multitude of the 
kinematic variables outside the biomechanics lab. 
Kinetic risk factors like vertical ground reaction force and loading rate, are another 
category of modifiable variables that have been correlated with injury risk.23,24  The assessment 
of these risk factors can be difficult and often requires laboratory equipment that cannot easily be 
deployed in a field setting without prohibitively expensive equipment.  However, surrogate 
variables, specifically cadence, are easily measured outside the laboratory.  Cadence is highly 
correlated with kinetic variables including loading rate, particularly when altered from 
baseline25–28  and is reliably assessed using an accelerometer that costs a nominal amount of 
money in comparison to laboratory forceplates.29,30 Cadence is also modifiable using simple 
biofeedback and modification has proven effective for significant risk reduction.31,32   
Current literature indicates that multiple risk factors, both modifiable and non-modifiable, 
are associated with musculoskeletal injury in the military population.  Recent publications 
specific to the military population have highlighted risk factors across multiple domains 
including kinematic patterns, health history, and performance on physical tests correlate with 
incident injury.43,210 However, we are not aware of any studies that have evaluated a combination 
of non-modifiable and modifiable risk factors to determine if a pre-determined model is able to 
provide a more robust prediction of MSKI in the initial entry training population. In addition to a 
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lack of research investigating multi-factor models for initial entry training MSKI, there is a need 
to understand the timing of military MSKI injury with respect to initiation of training. Existing 
research demonstrates that injuries during military initial entry training, to include USMA's cadet 
basic training occur in the first 2-4 weeks 13,195,196 and therefore understanding not only who is at 
greatest risk, but also the temporal nature of injury can better guide mitigation strategies.  
Therefore, the primary purpose of this manuscript is to evaluate the efficacy of 
developing combined risk models in the IET environment at West Point, NY during cadet basic 
training.  We sought to compare a combined risk model based on kinematic screening and 
cadence against a model that contained only variables collected during training , specifically 
BMI and physical fitness test (PT) run scores.  We chose BMI as it has been shown to be 
correlated with musculoskeletal symptoms in the general population44 and musculoskeletal 
injuries in the active population.9,45,46 Performance on the aerobic (running) portion of military 
physical fitness tests has also been shown to be correlated with sustaining musculoskeletal 
injury.35,36    Our hypothesis was that when controlling for established risk factors including 
sex39,40,177,179 and history of injury,12,28,41 a combined movement and cadence model will be a will 
demonstrate lesser residual error as measured by the Akaike Information Criterion (AIC) than 
will a model comprised of BMI category and PT run score.  Our secondary purpose was to 
evaluate a model that combined all individually significant variables into a combined risk 
variable with the hypothesis that such a model would be most precise with regard to the injury 
survival risk identification.  
 





Data were consolidated from two prospective studies, both of which recruited from the 
USMA class of 2022 as they entered training in July, 2018.  The consolidation was reviewed by 
both the Regional Health Command-Atlantic and University of North Carolina at Chapel Hill  
Institutional Review Boards.  Recruitment occurred on day 2 of training and information was 
delivered in written format and verbally. All participants were emancipated minors or adults 
between the ages of 17 and 22.   LESS score, injury history and demographic data were collected 
as part of the JUMP-ACL study and cadence and PT run score were collected as part of the 
SMART study (Figure 16). 
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Figure 16: Extended Study Flow Diagram 
 
Injury Surveillance and Outcomes 
 
We defined an injury as any condition of the musculoskeletal system involving the lower 























Total number of Cadets 
Reporting for R day (n=1230) 
Excluded  (n= 35) 
• Not present at consent 
• Left USMA prior to Day 2 
• n=595 (457 male) 
• Consented and provided viable data to both studies 
• Data: Injury history, BMI, demographics, cadence and PT run score 
 Completed JUMP-ACL Screen 
• n=998 
 Consented to JUMP-ACL Study  
(provided Injury history, demographics and 
LESS Score) 
• n= 998 
 
Completed SMART Study 
• n=740 
Consented to SMART Study 
(provided cadence, BMI and PT run score) 
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days to allow cadets ample time to report injuries following the completion of the 48-day 
training period. An all-encompassing review of injuries occurring within the follow up period 
was conducted within both the USMA specific Cadet Injury and Illness Tracking System and the 
Department of Defense's Armed Forces Health Longitudinal Technology Application by 
searching by ICD-10 code (Appendix 1) that included joint and soft tissue pain codes overuse in 
nature.  This search included joint and soft tissue pain codes were included, an established 
practice when researching military MSKI.15,39,163  USMA is a closed medical system meaning 
that the military health system meets the medical needs of the cadets at local facilities.  If a cadet 
sustained injury or felt pain, she would present to a medical provider (MD, PA, PT, etc.) who 
would document the condition in one of the two aforementioned electronic medical records.   
LESS Screening 
 
On either day 3 or day 4 of cadet basic training, the cadets participated in a jump landing 
screen evaluated by the Landing Error Scoring System (LESS). The LESS is simply a checklist 
of potential faults an individual can make during a jump landing task.  The errors are  
biomechanical faults that have been correlated with injury.20,21 The greater the number of errors, 
the greater the score with a maximum total of 19.  Subjects were asked to jump from a 30 cm tall 
box out to a line approximately ½ their height from the box.  Upon landing, participants were 
asked to immediately jump vertically as high as they could.  Testers were not authorized to coach 
the cadets on any specific patterns and give feedback only if cadets performed a jump in an 
incorrect or unsafe manner.  Grading was automated using Physimax® (Tel Aviv, Israel), a 
validated software tool for grading the LESS.22  
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Instrumentation 
 
On day 4 of cadet basic training, cadets were fitted with a Milestone Pod® (Columbia, 
MD, USA) that attached to the second shoestring eyelet from the bottom of the shoe to measure 
cadence amongst other values. Cadence was measured during running events that exceeded one 
hundred steps per minute for at least six minutes in duration.  Accelerometers have been shown 
to produce variables with positive correlation to kinetic variables161 and be a valid tool in the 
measurement of spatiotemporal variables.162 The on-shoe sensor  used by this group was found 
by Stoltenberg et al29 to be a valid measure of cadence along with speed, distance and foot-strike. 
On the day of placement, participants were fitted with the device, instructed on proper use, and 
researchers ensured the device was able to pair wirelessly.  As there was no immediate physical 
testing for this component of the project, no further exclusionary criteria were necessary.   
Historical Injury Data 
 
Data on history of injury was derived from the Baseline Questionnaire answered 
immediately following consent (Appendix 2). The questionnaire has been used in multiple 
previous studies on the cadet population174,208,211 and inquired about injuries to the joints of the 
lower extremity. If the cadet answered in the affirmative to having a lower extremity injury, they 
were categorized as having a positive injury history;  if they answered in the negative to all 
injury questions, they were considered to have a negative injury history.  A missing response was 
assumed to represent the absence of an injury.  
BMI and Aerobic Capacity 
 
Data for alternate modeling, comprised of BMI and aerobic capacity as measured by the 
PT run score were collected during the first physical fitness test, taken on either day 3 or day 4.  
The PT run score ranges from 0-100 and is based on the timed completion of a 2 mile run given 
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the age and sex of the individual.33  Height and weight were recorded from this test combining 




Descriptive statistics were calculated for sex and history of injury.  In order to  
establish models for statistical comparison as well as for future clinical use, variables were 
categorized.  We elected to form dichotomous categories for each of the variables included in the 
two models.  We determined delineation of the categories by first evaluating the literature to 
determine if sufficient evidence existed to determine a cut point.  In cases where the literature 
either provided differing examples of categorical grouping or no examples of categorical 
grouping for the variable,  we elected to use the receiver operating characteristic (ROC) curve to 
determine the cut point for the variable and if no distinct cut point existed, to use the median 
value as the cut point.   
For the purpose of survival analysis, the population was a fixed cohort as the entire 
cohort started training on the same day and no one was able to enter the cohort at a later date.  
Survival time was defined as days until the first musculoskeletal injury sustained during the 
follow-up period.   We created survival curves using the Kaplan Meier method which plots the 
probability of being event free at any given day of training having gone event-free until that 
point. Univariate analyses of survival were conducted in this manner for each of the categorical 
test variables (LESS Score, cadence, PT run score, and BMI) and non-modifiable demographic 
variables and comparison of curves was conducted using the Log Rank Test.   
Modifiable and non-modifiable demographic variables were included in multiple variable 
modeling if statistically significant in univariate analysis. Multiple variable modeling was 
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conducted using Cox proportional hazards model to estimate the hazard ratio with 95% 
confidence intervals.  Hazard can be interpreted as the conditioning rate of injury occurrence on 
a given day of training provided the subject remained uninjured until that point. To ensure 
adherence to the proportionality of hazards assumption, significance of variable by time 
interaction was tested for each variable.  Should a variable have violated the proportionality of 
hazards assumption, the planned mitigation was the addition of a time by variable interaction 
variable.  Comparison of models was performed using Akaike Information Criterion given the 
model's ability to compare models using a balance of generalizability and goodness of fit.212  The 
equation, exp((AICmin − AICi)/2) taken from Burnham and Anderson213produces a result that 
can be interpreted as the probability of subsequent (ith) models to minimize information loss in 
comparison to the minimal model.   
Results 
 
A total of 595 cadets provided data for the study, 457 (76.7%) of whom were male; a 
breakdown similar to found in recent studies involving military academy cadets166,174 and the 
target female representation for USMA. Injury history prior to attending USMA was reported in 
178 (30.0%) cadets.  A total of 97 cadets (16.3%) reported an injury during the follow up period. 
Univariate analysis of sex and injury history showed significant associations with injury during 
the observation period  (Table 8).   
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Value p value 
Sex       
Male 457 56 27.46 <.001 
Female 138 41   
Injury History       
Yes 178 41 11.87 <.001 
No 417 56   
LESS Category     
High Risk (≥6) 213 47 7.64 .006 
Low Risk(≤5) 382 50   
PT Run Score Category     
High Risk(<67) 128 32 10.03 .002 
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Variable Delineation 
 
BMI: In military populations, those with underweight and obese BMI are at greatest risk for 
injury.49,214,215  We therefore formed  dichotomous variables of high risk, classified as being 
either underweight (BMI <20) or obese (BMI ³30), and low risk, classified as moderate weight  
(BMI = 20 – 29.99)  
Cadence: We evaluated cadence by first evaluating the ROC curve (Figure 17), which showed no 
definitive cut point, and thus chose to divide the group at the median.  Those with lower cadence 
(<161.64)  were in the higher risk group and those with greater cadence (≥161.64) were in the 
lower risk group.   
 
Figure 17: ROC Curve Analysis for Cadence 
 
 
LESS: For the LESS categories, we evaluated the ROC curve an found 5.5 to be an effective cut 
point (Figure 18) and therefore had a high-risk category containing individuals with 6 or greater 
errors and a low risk error with less than 6 errors.   
 
 130  
 




PT Run Test: Finally, we evaluated PT run test scores using the ROC curve, found the cut point 
to be 67 (Figure 19) and formed a high-risk group containing those with a score of those with 
scores less than 67 and a low-risk group containing those with greater than or equal 67.   
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All variables were then combined into two models: the "movement model" (LESS Score 
+ cadence) and the "performance model" (physical fitness test score + BMI).  Participants were 
assigned a risk delineation of high or low based on their categorization within these models 
(Figures 20 and 21). 
Figure 20. "Movement Model" (LESS and Cadence) Risk Categorization 
 
 
Figure 21: "Performance Model" (PT Performance and BMI) Risk Categorization 
 
Survival Time Until Musculoskeletal Injury 
 
Measures of central tendency until musculoskeletal injury measured in days are presented 
in table 9a and 9b organized by variable.  Control variables and overall injury information (9a) is 
presented separately from test variables (9b).  Central tendency was calculated only for those 
subjects who reported injury with no censoring.   
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PT Run Score 
BMI 
RED: HIGH OVERALL RISK 
  
  
GREEN: LOW OVERALL RISK 
RED: HIGH OVERALL RISK 
  
  
GREEN: LOW OVERALL RISK 
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Table 9a: Central Tendency Time to Injury (in days) for Control Variables 
  Overall Men Women 
Hx of 
Injury 
No Hx of 
Injury 
Number of Injuries 97 56 41 41 56 
Mean Days to Injury 19.14 18.00 20.71 23.12 16.23 
SD of Mean Days to 
Injury 14.19 14.56 13.68 15.60 12.41 
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Injuries 7 90 41 56 50 47 32 65 
Mean Days to 
Injury 15.29 19.44 17.59 20.29 16.88 21.55 15.81 20.79 
SD of Mean 
Days to Injury 8.90 14.51 12.82 15.12 12.87 15.23 11.94 14.99 
Median Days 








23.00 7.5-30.00 7.00-23.00 8.00-30.00 7.00-21.5 
8.00-
30.00 
      
LESS and Cadence: The "Movement Model" 
 
Univariate analysis (Table 10) of survival showed significant differences existed between 
groups based on LESS score category (p=.006) but not cadence (p=.101).  Multivariable Cox 
proportional hazard modeling controlling for sex and injury history (Table 11) showed that 
participants demonstrating poor movement quality were 1.74 times more likely (95% CI : 1.17, 
2.60) to sustain injury during the follow-up period. Comparison between high and low cadence 
group, however, showed no significant difference (95% CI: 0.48, 1.10). 
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Combining LESS and cadence in the manner illustrated in Figure 20, the "movement 
model," led to 398 (66.9%) participants being labeled as high overall risk.  In our Cox 
proportional hazards regression modeling (Table 11) controlling for sex and history of injury, we 
observed no significant difference between those deemed high risk and low risk using the model 
criteria (95% CI: 0.725, 1.722 ).  
  
Variable  Level 
Hazard 
Ratio 95% Lower CL 
95% Upper 
CL 
Gender Female vs Male 2.63 1.76 3.94 
Hx of Injury Injury Hx vs No Injury Hx 1.76 1.18 2.64 
BMI Category 
Underwt (<20) and Obese 
(>30)vs middlewt (20-30) 1.10 0.51 2.37 
LESS Score 
Category 
High Risk (>5 errors) vs Low 
Risk (≤5 errors) 1.74 1.17 2.60 
PT Run Score 
Category 
High Risk (Score <67) vs Low 
Risk (Score≥67) 1.96 1.28 2.99 
Cadence 
Category 
High Risk (<161.64) vs Low 
Risk (≥161.64) 0.72 0.48 1.10 
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PT run score and BMI: The "Performance Model" 
 
Our univariate Cox proportional hazard modeling (Table 10)  showed significant 
differences existed between groups based on PT run score category (p=.002), but not BMI 
(p=0.814).  Additionally, we observed that those with a PT run score of < 67 were 1.96 times 
more likely (95%CI: 1.28, 2.99) to sustain an injury during the follow-up period.  Comparison 
between high and low risk BMI groups, however, showed no significant difference (95% CI: 
0.51, 2.37).  
Combining PT run score and BMI categories in the manner illustrated in Figure 21 led to 
151 (25.4%) cadets being classified as high overall risk.  In our multivariable Cox proportional 
hazard modeling (Table 12) when controlling for sex and history of injury, we observed that 
those deemed high risk by the “performance model” were 1.70 times more likely (95% CI: 1.12, 
2.58) to sustain injury during the follow-up period than those deemed low risk. 
  







Gender Female vs Male 2.53 1.69 3.80 
Hx of Injury Injury Hx vs No Injury Hx 1.61 1.10 2.42 
"Movement 
Model" Category High Risk vs Low Risk 1.12 0.73 1.72 
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The "All Variable Model" 
 
As LESS and PT run score categories were found to be significant in the univariate 
analysis, we combined the two variables into a separate multivariable analysis (Table 13). When 
controlling for sex and history of injury, both LESS and PT run score remained significant in 
Cox proportional hazard modeling with HR=1.89 (95% CI: 1.18, 2.64.) and 1.54  (95% CI: 1.03, 
2.31) respectively.  Akaike information criterion values (Table 14) indicate that the 
"Performance Model" is 0.087 times as probable to minimize information loss versus the "All 
Variable Model," while the "Movement Model" is  0.05 times as probable to minimize 
information loss reference the "All Variable Model."    
  







Gender Female vs Male 2.52 1.68 3.78 
Hx of Injury Injury Hx vs No Injury Hx 1.62 1.10 2.42 
"Performance 
Model" Category High Risk vs Low Risk 1.70 1.12 2.58 
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Gender Female vs Male 2.31 1.52 3.48 
Hx of Injury Injury Hx vs No Injury Hx 1.62 1.10 2.44 
PT Run Score 
Category 
High Risk (Greater errors) 
vs Low Risk (Lesser 
errors) 1.54 1.03 2.31 
LESS Score 
Category 
High Risk (Score <67) vs 
Low Risk (Score≥67) 1.89 1.23 2.88 
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Discussion 
 
Survival curve and hazard ratio univariate comparison showed significant differences in 
time until training related injury in the following variables: sex, injury history, LESS score and 
physical fitness score, but not in BMI or cadence. Multivariable model analysis controlling for 
sex and history of injury showed that those deemed high risk in a "performance model" had a 
significantly greater hazard ratio than those deemed low risk by the model.  In contrast, those 
deemed high risk in a "movement model" did not experience a significantly different survival 
time until musculoskeletal injury than those deemed low risk.  A model that consisted of sex, 
injury history, LESS score, and physical fitness score appeared to be the most precise model.  
These results indicate that in addition to information traditionally collected as part of initial entry 
training (BMI, sex, physical fitness score), collecting data on injury history and movement 
quality may assist in identifying those at greatest risk for sustaining injury during training.   
LESS and Cadence: The "Movement Model" 
 
To our knowledge, this was the first study to combine the LESS and cadence in a 
multivariable model. While a low risk LESS score was correlated to increased survival time in 
univariate analysis, when combined with cadence, the multivariable "movement model" showed 
no significant correlation.  Though unique in the combination, our univariate and multivariable 
observations are similar to that found in existing literature. With regard to non-modifiable 
control variables, our observation of lesser survival time until injury for females is consistent 
with existing literature focused on injury incidence during military training.174,182–184 Similarly, 
Kucera et al found those with a history of injury to have greater injury incidence during initial 
training.174  
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  The LESS has been found to have mixed correlation to injury incidence across related 
populations,19,42,142,143 but has been shown to be correlated with greater incidence of stress 
fracture in this specific population.21  In our univariate analysis we observed no correlation 
between cadence and survival time during cadet basic training.  Separate analysis found a similar 
lack of correlation between cadence and survival time until injury in the cadet population with a 
full academic year as the follow-up time.216 
The addition of cadence as a variable to identify risk of decreased survival time to injury 
thus appears to detract from model performance in this cohort.  The insignificance of the variable 
in this case may be related to the environment in which attempted to measure it.  While cadence 
is correlated with kinetic risk variables in the literature, 25–28 most studies were conducted in the 
laboratory setting, whereas running performed during our follow-up period was performed 
primarily outdoors.  Additionally, the speed for most running sessions was often selected not by 
the participant, but rather by the cadre overseeing them.  These factors may have influenced the 
cadence that the cadet would normally select, essentially making it a random variable whereas in 
the literature, cadence is self-selected.  Combining this variable with the LESS may have then 
detracted from univariate correlation and produced an overall model with no statistical 
correlation to survival time to musculoskeletal injury.   
PT run score and BMI: The "Performance Model" 
 
 Our second multivariable model, the "performance model," consisted of a BMI risk 
category and PT test score category.  Though BMI category was not correlated with survival 
time in univariate analysis, the "performance model" was significantly correlated with survival 
time to musculoskeletal injury.  Our univariate observation that a greater PT run score was 
significantly correlated to increased survival time corroborates previous military research that 
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reported correlation between performance on the run portion of a physical fitness test and 
incident injury.36,43 It also further confirms PT run score performance as an integral part of 
multivariable modeling of musculoskeletal injury risk.43 BMI, conversely, was not found to be 
correlated in the univariate model or as a variable within the "performance model."  Existing 
research is inconsistent with regard to BMI and injury. While both a high BMI47–49 and 
underweight BMI45,48 have been found to be correlated to injury in the military setting, other 
research has reported that BMI was not associated with injury risk.194  
 Lack of  significant correlation between BMI and survival time until musculoskeletal 
injury may be the result of a low numbers in underweight and obese categories.  Due to USMA 
admission criteria, the cohort was  homogenous with regard to this variable; thus even when 
combining underweight and obese categories as high risk, the category was underrepresented 
(6.72%).  The success of the overall "performance model" was therefore likely driven by the 
predictive capability of the PT run score variable.   
PT run score and LESS: The All Variable Model 
 
 The results of our univariate analyses indicated that history of injury, sex, LESS category 
and PT run score category were all significantly correlated to survival time until musculoskeletal 
injury during our follow-up period.  When combined and analyzed with Cox proportional hazard 
regression modeling, we observed that all variables remained significant (Table 12). These 
observations support previous literature indicating the efficacy of using multiple risk variables to 
identify those at greatest risk for sustaining injury during training43 and for combining variables 
from both performance and movement screens.35,36,43 
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The Multivariate Nature of Injury Risk 
 
  Our observations indicate that the overall risk of musculoskeletal injury is dependent on a 
variety of factors unique to the individual.  Teyhen et al43,210 recently established that multiple 
types of variables (performance, ROM, previous injury, etc.) were related to incident injury in 
the special operations and military athlete population.  To our knowledge, this is the first 
multiple variable analysis in the initial entry training population and the first to evaluate a 
distinct and pragmatic model capable of being applied to screening large numbers of trainees.  
While a reasonable explanation can be posited for each construct it is their combination appears 
to be key in identifying risk for the individual.  These results appear to further the complex 
systems approach proposed by Bittencourt et al217 who argued that injuries result from a 
"complex interaction among a web of determinants."  
Limitations 
 
As with any study, there were weaknesses that bear highlighting.  First, the day of injury 
represents the day injury was reported to medical personnel, not necessarily the day the injury 
was sustained. Cadets may have gone several days following sustaining an injury before 
reporting it in order to complete a requirement, potentially artificially lengthening survival times.  
Second, days of training are not equally representative of load over a time period.  Though cadets 
all complete the same training, they complete it in different orders, which may mean that some 
cadets may have a greater load one week due to scheduled events, while another company may 
have greater load the next week.   
Strengths  
 
The strengths of the current study lie in the combination of multiple variables for risk 
identification and the use of survival analysis.  Assessing multiple variables during injury 
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screening is necessary to gain a holistic view of an individual's total risk profile.  For example 
while an individual may demonstrate low risk in her aerobic capacity score, she may demonstrate 
greater risk on her kinematic assessment.  Excluding the latter variable may incorrectly deem her 
low risk and miss the opportunity for preventive intervention. Viewing risk over time using 
survival analyses, and further pairing the study timeline with training events can improve 
planning and potentially optimize load application to mitigate injury risk.67  Furthermore, 
survival analysis makes full use of the data and the careful manner in which it was collected;156 a 
reason it has been suggested for use in developing injury prediction models. 157–159 
Future Studies  
 
Future studies should continue to improve injury risk modeling using survival analysis 
through temporal load monitoring.  Subjective load multiplied by training duration could provide 
more accurate depiction of load experienced across training time.38 Such a technique would be 
more accurate than the use of only training days until injury.   
Multivariable risk modeling appears to be a pragmatic and effective means to identify 
those at greatest risk for injury.43  Future studies could focus on including additional variables as 
technology improves.  Specifically, as inertial measurement units and kinetic sensors evolve, 
assessing the contribution of kinetic variables to overall risk of injury should be considered. 
Identification of risk variables would not only aid the identification of those at greatest risk for 
sustaining injury, but would also guide intervention strategies.    
Conclusion 
 
Our observations suggest that multivariable risk modeling using survival analysis is an 
effective means of identifying those at greatest risk for musculoskeletal injury during cadet basic 
training.  Models combining both measures of performance and kinematics along with known 
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variables including sex and history of injury appear to be most precise.  In order to mitigate 
injury for those at greatest risk, intervention focused on improving movement and performance 
prior to the start of training should be considered.  Future studies should focus on improving 
modeling through the addition of kinetic variables as well as the effectiveness of mitigation 
strategies based on performance and movement interventions.  
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CHAPTER 6 (MANUSCRIPT 1):  UNDERSTANDING MODIFIABLE AND 
UNMODIFIABLE VARIABLE EFFECT ON OVERALL MUSCULOSKELETAL 




Several analyses and observations between modifiable and non-modifiable characteristics 
were not included in the initial two manuscripts (Chapters 4 & 5) of the dissertation. For the 
purpose of this project, we define modifiable characteristics as those that can be modified with 
exercise or specific training, such as one’s movement quality (LESS score) and fitness (PT run 
score). We define non-modifiable characteristics to include one’s prior injury history and sex. In 
this Chapter we present these findings, which allow us to understand whether modifiable 
characteristics are equally predictive of injury hazard across categories of non-modifiable 
characteristics and vice versa.  Therefore, the primary purpose of this section is to compare 
modifiable and non-modifiable risk factors, understand how modifiable risk factors change 
across demographic categories, and how non-modifiable risk factors change across movement 
and performance categories.  We will summarize our outcomes on how performance on the run 
portion of the PT test and/or the LESS correlate to injury hazard for both genders and both 
categories of injury history.  Additionally, we will report our findings on how sex and history of 
                                                        
3 Chapter 6 combines answers to research questions not expressly articulated in the initial Aims.  
The second half the chapter also serves as an overall summary of the dissertation.  As with 
Chapters IV and V, the initial sections (I-V) are designed to be in manuscript form and thus 
contains a review of concepts, literature, and analysis outlined in the previous five chapters.  The 
later sections summarize findings that either did not coherently fit into chapters IV or V, or 
provided unnecessary detail for publication but nonetheless should be included in the dissertation 
findings.     
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injury correlate to injury hazard for both categories of PT run score and LESS score.  The 
secondary purpose of this chapter is to summarize the findings of the larger dissertation 
Methods 
 
Data were consolidated from two prospective studies, both of which recruited a 
convenience sample of New Cadets entering USMA in July, 2018. LESS score, injury history 
and demographic data were collected as part of the JUMP-ACL study and cadence the PT run 
score were collected as part of the SMART study. Injury surveillance was conducted as part of 
both studies across the follow-up period and data from both studies were combined by an IRB-
approved third party at USMA (Figure 1).  The current combined study had IRB approval from 
Regional Health Command-Atlantic IRB and the University of North Carolina at Chapel Hill 
IRB.    
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Figure 16: Extended Study Flow Diagram 
 
Modifiable Variable Collection 
 
On either day 3 or day 4 of cadet basic training, subjects participated in a jump landing 
screen evaluated by the Landing Error Scoring System.  Subjects were asked to jump from a 30 























Total number of Cadets 
Reporting for R day (n=1230) 
Excluded  (n= 35) 
• Not present at consent 
• Left USMA prior to Day 2 
• n=595 (457 male) 
• Consented and provided viable data to both studies 
• Data: Injury history, BMI, demographics, cadence and PT run score 
 Completed JUMP-ACL Screen 
• n=998 
 Consented to JUMP-ACL Study  
(provided Injury history, demographics and 
LESS Score) 
• n= 998 
 
Completed SMART Study 
• n=740 
Consented to SMART Study 
(provided cadence, BMI and PT run score) 
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were asked to immediately jump vertically as high as they could.  Testers were not authorized to 
coach the cadets on any specific patterns and give feedback only if cadets performed a jump in 
an incorrect or unsafe manner.  On the same day as the LESS, data on the PT run score were 
collected during the Army Physical Fitness Test with scores for the run based on performance 
and derived from a scale that is based on age and sex.33  The score can range from 0-100 with 
100 being the greatest score.  
Non-modifiable Variable Collection 
 
Data on injury history were derived from questions on the Baseline Questionnaire 
answered just after consent. The questionnaire asked separate questions about injuries to lower 
extremity anatomical locations.  If the cadet answered in the affirmative to having a lower 
extremity injury, they were categorized as having a positive injury history;  if they answered in 
the negative to all injury questions, they were considered to have a negative injury history.  A 
missing response was assumed to represent the absence of an injury.  Sex was based the 
individual's reported sex and was dichotomous (male or female) in accordance with USMA 
standards.   
Injury Definition, Surveillance, and Outcomes 
 
We defined an injury as any condition of the musculoskeletal system involving the lower 
extremities or pelvis for which the subject sought medical care. Our follow-up period was 60 
days to allow cadets ample time to report injuries following the completion of the 48-day 
training period. Data on injury, including date, were obtained from the Cadet Injury and Illness 
Tracking System and Armed Forces Health Longitudinal Technology Application by searching 
by ICD-10 code (Appendix 1); codes that included joint and soft tissue pain codes.15,39,163   
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 Statistical Analyses 
 
Descriptive statistics were calculated for sex, history of injury, LESS and PT Score.  We 
elected to form dichotomous categories for each of the variables and determined delineation of 
LESS and PT categories by first evaluating the literature to determine if sufficient evidence 
existed to determine categorical cut points. In these cases, the literature either provided differing 
examples of categorical grouping or no examples of categorical grouping.  We thus elected to 
use the receiver operating characteristic (ROC) curve to determine the cut point for the variables. 
Survival data including mean (+/- SD) and median days of survival was calculated for 
each variable by category. Survival was defined as days until the first musculoskeletal injury 
sustained during the follow-up period.  Central tendencies were calculated for those who 
sustained injuries only and thus do not consider censoring.   
Within group univariate comparison of survival were conducted for each of the variables 
using the Log Rank Test. Further univariate and multiple variable modeling pairing LESS with 
PT run score and injury history with sex was conducted using Cox proportional hazards models 
to estimate hazard ratios with 95% confidence intervals. To ensure adherence to the 
proportionality of hazards assumption, significance of variable by time interaction was tested for 
each variable.  Comparison of models was performed using Akaike Information Criterion (AIC). 
Results 
 
A total of 595 cadets provided data for the study, 457 (76.7%) of whom were male; a 
breakdown similar to found in recent studies involving military academy cadets166,174 and near 
the target female representation for USMA. Of all respondents, 178 cadets (30.0%) reported 
injury history prior to attending USMA.  During the follow-up period, 97 cadets (16.3%) 
experienced an injury.  
 
 149  
Variable Delineation  
 
For the LESS, our ROC curve analysis indicated 5.5 to be an effective cut point (Figure 
18) and therefore we deemed those individuals with 6 or greater errors to be high-risk  those with 
5 or fewer errors to be low risk.  Our ROC curve analysis for the PT run test scores indicated a 
cut point of 67 (Figure 3) and we formed a high-risk group containing those with a score of those 
with scores less than 67 and a low-risk group containing those with greater than or equal to 67. 
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Measures of Central Tendency 
 
Measures of central tendency until musculoskeletal injury measured in days are presented 
in table 15 organized by variable.  Central tendency was calculated only for those subjects who 
reported injury with no censoring.   
 
















Men 56 18.00 14.56 13.00 7.00-27.50 
Women 41 20.71 13.68 18.00 13.00-28.00 
+ve Injury History 41 23.12 15.60 19.00 8.50-29.50 
-ve Injury History 56 16.23 12.41 13.00 9.00-30.00 
Low Risk LESS Score 50 16.88 12.87 14.00 7.00-23.00 
High Risk LESS 
Score 47 21.55 15.23 18.00 8.00-30.00 
High Risk PT Run 
Score 32 15.81 11.94 14.00 7.00-21.50 
Low Risk PT Run 




Kaplan Meier tables (Figures 22a-d) along with our Log Rank testing (Table 16) showed 
significant between group survival difference based on sex, injury history, LESS score category 
(p=.006) and PT run score category (p=.002).  Cox proportional hazard modeling (Table 17) of 
the individual variables showed that females were 2.63 times as likely (95% CI: 1.76, 3.94) as 
their male counterparts to sustain injury during the follow-up period.  During the same follow up 
period, those with a positive injury history were 1.76 times more likely (95% CI: 1.18, 2.63) to 
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sustain injury than those who reported no injury history, those with a high-risk LESS score were 
1.74 times more likely (95% CI: 1.17, 2.60) to sustain injury than those with a low-risk LESS 
score, and that those with a high-risk PT run score were 1.96 times more likely (95% CI: 1.28, 
2.99) to sustain injury than those with a low-risk PT run score.   
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           Figures 22a-22d: Kaplan Meier Curve Comparison by Variable 
a) By Sex      b) By Injury History 
  
 















































Kaplan Meier Survival Curve to Overall Injury By Sex (Days 0-60)












































Kaplan Meier Survival Curve to Overall Injury By History of Injury (Days 
0-60)












































Kaplan Meier Survival Curve to Overall Injury By LESS Score (Days 0-60)












































Kaplan Meier Survival Curve to Overall Injury By PT Run Score Days (0-60)
Low Risk PT Score High Risk PT Score
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Table 16: Log Rank Test Results by Variable 





Value p value 
Men 457 56 27.46 <.001 
Women 138 41   
+ve Injury 
History 178 41 11.87 <.001 
-ve Injury 
History 417 56   
High Risk 
LESS Score 213 47 7.64 .006 
Low Risk 
LESS Score 382 50   
High Risk PT 
Run Score 128 32 10.03 .002 
Low Risk PT 
Run Score 467 65   
 








Gender:          
Female vs Male 2.63 1.76 3.94 
Injury Hx:          
+ve vs -ve 1.76 1.18 2.63 
PT Run Score: 
High Risk (Score 
<67) vs Low 
Risk (Score≥67) 
1.96 1.28 3.99 
LESS Score:      
High Risk (Score 
≥6) vs Low Risk 
(Score ≤5) 1.74 1.17 2.6 
 
Comparison of Modifiable Variables 
 
The hazard ratio for the modifiable variables varied  between the sexes.  For males, 
neither the PT Run Score Category nor the LESS Score category was significant, but for females 
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the hazard ratio for PT Run Score category was significant (Table 18).  Similarly, the hazard 
ratio for the modifiable variables differed between those with and without an injury history.  For 
those with a history of injury, PT run score and LESS Score category were significantly 
correlated to hazard while for those without a history of injury, only PT run score was significant 
(Table 19).   
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Table 18: Hazard Ratio Comparison of Modifiable Variables by Sex 
 
Table 19: Hazard Ratio Comparison of Modifiable Variables by History of Injury 
 
Comparison of Non-Modifiable Variables 
 
Hazard ratio results for non-modifiable variables differed between those with low and 
high-risk PT run scores. For those with a low risk PT run score, both injury history and the 
female sex were significantly correlated to an increased hazard.  However, for those with a high-
risk PT run test score, the only non-modifiable variable correlated to an increased hazard was the 
female sex (Table 20).  Similarly, hazard ratio results for non-modifiable variables differed by 
LESS score results.  For those with a low risk LESS Score, only the female sex remained 
significantly correlated to an increased hazard whereas for those with a high-risk LESS score, 
both injury history and gender were significantly correlated to an increased hazard (Table 21).   
 
Sex Variable Hazard Ratio 95% CL Lower 95% CL Upper
High Risk PT Run Score (<67) 
vs Low Risk (≥67) 1.52 0.84 2.75
High Risk LESS Score (≥6) vs 
Low Risk (≤5) 1.61 0.95 2.73
High Risk PT Run Score (<67) 
vs Low Risk (≥67) 2.59 1.38 4.87
High Risk LESS Score (≥6) vs 
Low Risk (≤5) 1.35 0.72 2.52





Injury History Variable Hazard Ratio 95% CL Lower 95% CL Upper
High Risk PT Run Score (<67) 
vs Low Risk (≥67) 2.03 1.17 3.53
High Risk LESS Score (≥6) vs 
Low Risk (≤5) 1.28 0.75 2.18
High Risk PT Run Score (<67) 
vs Low Risk (≥67) 1.93 1.00 3.73
High Risk LESS Score (≥6) vs 
Low Risk (≤5) 2.77 1.49 5.17
No          
(n=417)
Yes             
(n=178)
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Table 20: Hazard Ratio Comparison of Nonmodifiable Variables by PT Run Score 
PT Run 











+ve Injury History vs -ve 
Injury History 1.73 1.06 2.83 





+ve Injury History vs -ve 
Injury History 1.35 0.66 2.76 
Female vs Male 3.51 1.73 7.10 
 
Table 21: Hazard Ratio Comparison of Nonmodifiable Variables by  LESS Score 











+ve Injury History vs -ve 
Injury History 1.15 0.64 2.08 





+ve Injury History vs -ve 
Injury History 2.37 1.33 4.22 






Univariate comparison showed significant within group differences in time until training 
related injury for sex, injury history, LESS score and physical fitness score.  Our multivariable 
analyses focused on understanding how hazards differed for various subgroups of the cohort.  
Our observations show that risk associated with a poor movement pattern and a low PT run score 
differed based on a subject’s sex and injury history.  Similarly, the risk associated with injury 
history and the subject’s sex  differed between groups based on their movement pattern and PT 
Run Score.  These observations underscore the individuality of injury risk and can inform our 
screening techniques for large populations. 
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Relation to Existing Evidence 
 
 Our observation of lesser survival time until injury for females and those with history of 
injury is consistent with existing literature focused on injury incidence during military 
training.174,182–184 Similarly, our univariate observation that those with a greater PT run score had 
significantly greater survival time corroborates existing evidence that reported correlation 
between aerobic performance during a fitness test and incident injury.36,43 Finally, our 
observations of hazard correlation with the LESS adds to the complexity of the literature. While 
the LESS score been shown to have inconsistent correlation to injury incidence across related 
populations,19,42,142,143 in the cadet population specifically it has been correlated to greater 
incidence of stress fracture.21   
Comparison of Modifiable Variables 
 
To our knowledge, this is the first study on this population to evaluate modifiable 
variables by sex and injury history.  Our findings suggest that though both LESS and PT run 
score are correlated to survival time for the cohort as a whole, for males neither variable appears 
to be significantly correlated.  Conversely, for females, PT run test score is significantly related 
to hazard of injury.  The lack of statistical significance could be attributed to lack of power that 
was the result of further categorization of the data.  However, the significant hazard for those 
females with a low PT run score highlight the utility of the variable in identifying those at 
greatest risk for injury during cadet basic training.  Females with low PT run scores may be 
primary candidates for more deliberate screening and intervention, specifically to gradually 
increase their training load prior to reporting to West Point.   
Our observations of hazard by injury history differed from the delineation by sex.  In 
those with a history of injury, hazard ratios for both the LESS and PT run score were significant 
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whereas for those without a history of injury, only the hazard ratio associated with the PT run 
score was significant.   Though it is again possible that significance was not reached due to 
power, the observation indicates that for those who have a history of injury it may be more 
important to assess kinematic patterns to identify those at greatest risk for musculoskeletal 
injury.   
Comparison of Non-Modifiable Variables 
 
To the authors' knowledge, this is also the first study on this population to evaluate non-
modifiable variables by level of performance on both the run portion of the physical fitness test 
and the LESS.  Like the modifiable variables, our observations show that the hazard for history 
of injury and gender changes based on the subject's performance on the PT Test and the LESS.  
For those with a low risk PT score, the hazard ratio for both gender and history of injury were 
significant, while for those with a high-risk PT score, the hazard ratio for gender was significant 
but the injury history was not.  For those with a low risk LESS score, the hazard ratio for gender 
was significant but history of injury was not.  For those with a high-risk LESS score, the hazard 
ratio for both gender and history of injury was significant.  The latter finding indicates that for 
those who move well, injury history may not be as great a concern as for those who move poorly.  
For this subgroup, better movement may indicate more effective rehabilitation and return to 
sufficient tissue capacity, an issue postulated to be the cause of reinjury. 191  It may also indicate 
better sensorimotor adaptation following injury.   This comparison reinforces the need for 
combining techniques of screening including an effective history, to effectively identify those at 
greatest risk for injury.   
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Summary of Risk Association 
 
Our observations indicate that injury risk associated with modifiable risk factors (LESS 
and PT run score) change across demographic categories.  Similarly, the risk associated with 
non-modifiable risk factors (sex and injury history) changes for different levels of and 
performance and movement quality.  These findings underscore the individual nature of 
musculoskeletal injury risk and the utility of targeted screening based on unique characteristics. 
The findings of this specific chapter are emblematic of the complex nature of injury screening 
addressed in the following paragraphs that serve as a summary of the larger dissertation.  
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Summary  
 
Review of Aims  
 
The purpose of this dissertation was to investigate three aims with the goal of better 
understanding how demographic, performance, and biomechanical variables, both individually 
and in combination, correlate with survival time to musculoskeletal injury during cadet basic 
training.  The first aim was epidemiological in nature and sought to observe the temporal 
distribution of injury based on type (Table 8).  The overall research question and sub-aims are 
addressed in chapter 4 of this dissertation.   
Table 1: Aim 1 Research Questions and Variables of Interest 
Research Question Variable of Interest  
1.1 What is the mean, median, and 
distribution  of survival time until the first 
reported TRMI during CBT? 
Mean, median and distribution of survival 
time 
1.2 What is the mean, median, and 
distribution  of survival time until bone stress 
injury? 
Mean, median and distribution of survival 
time 
1.3 What is the mean, median, and 
distribution of survival time until soft tissue 
injury?  
Mean, median and distribution of survival 
time 
 
 The second aim sought to compare survival time in a univariate manner based on 
demographic, performance and biomechanical characteristics of the individual (Table 9).   The 
dual purpose of this aim was to understand the correlation of the individual variables to survival 
time and to provide information on potential test and control variables for the multivariable 
modeling in Aim 3.  Sub-aims are addressed in chapters 4 (sex and history of injury) and chapter 
5 (sex, history of injury, cadence and kinematic pattern).  
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Table 2: Aim 2 Research Questions and Variables of Interest 
 
The third aim of this dissertation was to develop a multivariable model that consisted of a 
kinematic risk assessment and cadence, the "Movement model" and compare that model to a 
multivariable model that consisted of risk assessment based on performance on the run portion of 
a fitness test and BMI, the "Performance model" (Table 10).  The models were developed in a 
step-wise manner in order to observe the contribution of each variable.  Between model 
comparison was initially anticipated to be performed using both confidence intervals of the 
hazard ratio and then Martingale residuals but the residuals comparison was found to be 
unnecessary when the hazard ratio based "Movement model" categorization failed to reach 
significance.  The results of these analyses are addressed in chapter 5 of the dissertation. 




2.1 Is there a significant difference in TRMI 
survivability between men and women? 
 
Sex of the Subject Time until first 
TRMI 
2.2 Is there a significant difference in TRMI 
survivability between those with a history of 
previous injury and those without? 
Previous Injury 
Status  
Time until first 
TRMI 
2.3 Is there a significant difference in TRMI 
survivability between those with "good" 
kinematic movement patterns and those who 




Time until first 
TRMI 
2.4 Is there a significant difference in TRMI 
survivability between those who demonstrate 
"high" cadence and those who demonstrate 
"low cadence?" 
Cadence Category Time until first 
TRMI 
2.5 Is there a significant difference in TRMI 
survivability between those who have a 
“good” score on the run portion of the PT 
test and those who have a “poor” score?  
PT Run Score 
Category 
Time until first 
TRMI 
2.6. Is there a significant difference in TRMI 
survivability between those who have a high-
risk BMI and those who have a low risk 
BMI? 
BMI Risk Category Time until first 
TRMI 
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3.1 Is there a significant difference in TRMI 
survivability between those with a high 
combined movement impact risk versus those 






Hazard ratio of 
TRMI 
3.2 Is there a significant difference in TRMI 
survivability between those with a combined 
high overall performance risk versus those 




Hazard ratio of 
TRMI 
3.3 When controlling for unmodifiable 
variables including sex and previous injury, is 
the model of TRMI survivability that contains 
both movement quality and cadence predictor 
variables significantly different than the 
survival model with movement quality alone? 




measured by AIC 
3.4 When controlling for unmodifiable 
demographic variables, is the model of TRMI 
survivability that contains both movement 
quality and cadence predictor variables 
significantly different than the survival model 
with cadence alone? 




measured by AIC 
3.5 When controlling for other unmodifiable 
demographic variables, is the model of TRMI 
survivability that contains both BMI and PFT 
RUN performance predictor variables 
significantly different than the movement 
impact predictor model? 




measured by AIC 
3.6 Is a there a multivariable model 
containing elements of both movement and 
performance in addition to unmodifiable 
variables that is significantly correlated to 










measured by AIC 
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Summary of Observations 
 
An in-depth review of our observations can be found in chapters 4 and 5 of this 
dissertation.  We found that though there is sub-group variability within the cohort, most injuries 
occur during weeks three and four of cadet basic training.  We found that males have a greater 
survival time until musculoskeletal injury than their female counterparts, as do those without a 
history of injury in comparison to those with a history of injury.  Those with a low-risk 
movement pattern have a greater survival time until musculoskeletal injury than those who have 
a high-risk pattern Those who perform better on the run portion of the physical fitness test appear 
to have a greater survival time in comparison to those who perform poorly but BMI risk category 
did not reach significance in this cohort.  In chapter5, we performed a univariate analysis on all 
variables in an attempt to create the most precise model that contained all variables found to be 
significant in univariate analysis.  Though not included in that chapter, cumulative hazard results 
for each of the significant individual variables can be found here in Figures 2a-2h.  
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Figure 23a-f: Cumulative Hazard Comparisons 
Fig 23a: Cumulative Hzrd for Females                               Fig 23b: Cumulative Hzrd for Males 
             
 
Fig 23c: Cumulative Hzrd for +ve Inj Hx                      Fig. 23d: Cumulative Hzrd for -ve Inj Hx
           
  
  Fig 23e: Cumulative Hzrd for High Risk LESS    Fig 23f: Cumulative Hzrd for Low Risk LESS 
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Fig 23g: Cumulative Hzrd for High Risk Run          Fig 23h: Cumulative Hzrd for Low Risk Run 
                 
In chapter 5 we also created multivariable, combined risk models that appear to be a more 
precise way of identifying those at greatest risk, though the "movement model," which we 
hypothesized would be more precise than the "performance model," did reach statistical 
significance.  The overall combination of performance on the run portion of the PT test, 
movement score on the LESS, history of injury and sex was the most precise way of identifying 
those at greatest risk in this cohort.   Finally, in addition to aforementioned aims, we evaluated 
survival by modifiable and non-modifiable variables and found that hazard varied significantly 
by sub-group.  
Power Considerations 
 
As outlined above and in chapter 4, with only 40 Cadets having a BMI deemed high risk 
(<20 or ≥30), we were significantly underpowered to analyze this variable.  In fact, a post hoc 
power analysis showed our power (calculated in G Power 3.1) to be 0.056.  This is a significant 
weakness of the univariate calculation.  This weakness was noted in Chapter 5 and is referenced 
again here given the error in expectations for the initial precision analysis in the statistics section 
of chapter 2.  Though the most extreme example within the study, it does underscore the 
problematic nature of subdividing the sample with multivariable risk groups as described as a 
possibility in chapter 2  
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Clinical and Practical Applications 
 
 The primary function for any research study should be to guide clinical or training 
practice.  We find several pragmatic applications in our observations.  First, the timing of the 
injuries suggest that most injuries occur around week three and four of training, which has been 
previously observed in the initial entry training population. 195,196  Options to mitigate this risk 
include attempting some form of chronic workload increase prior to the commencement of cadet 
basic training as well as planning a decrease in overall training load around week three of 
training.   
 Clinical application of univariate observations should be performed with caution using 
the context of multivariable analysis.  Important for those potentially screening athletes was our 
finding of differing hazard ratios by sex and for those with and without histories of injury.  Our 
observations indicate that using the score on the run portion of the PT test may be particularly 
valuable to identify females at greatest risk for injury.   Similarly, for those with a history of 
injury, our observations indicate that it may be valuable to add a kinematic screen to better 
understand who may be at greater risk for sustaining injury.  The results of the sub-group 
analyses suggest that in the absence of sufficient staffing to perform injury screening for all 
personnel beyond that which is normally collected during training, that an injury history and 
performance test be used to identify those at greatest risk for injury.  Following that, further 
screening using kinematic tests like the LESS may be valuable in both identifying risk and 
mitigation strategy.   
Future Analysis and Research Application 
 
Future studies should continue to refine risk modeling at the unit and individual levels, 
incorporating technology as its clinical use becomes feasible with the focus on informing 
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mitigation strategies.  One example of using technology to refine models could include collecting 
true kinetic measures.  In this study, we attempted to use cadence as a surrogate kinetic variable, 
but technology, specifically inertial measurement units, are advancing quickly and may soon 
offer a realistic means by which to better measure kinetic variables for large numbers of 
participants. Such variables still require refinement, reliability and validity testing, but offer the 
possibility of refining prediction models and simultaneously offering an added means of 
intervention.  Care should also be taken to ensure that ensure that variables are selected 
purposefully for the specific population to avoid oversaturation of the model and subsequent lack 
of power.   
Consideration should be given to screening and mitigation strategies implemented prior 
to the start of training as injuries for many subgroups appear to happen early in training.  Injury 
incidence peaking early in training suggests that the chronic load for those individuals sustaining 
injury may not have been sufficient to support the added acute load required in early training.  
Identifying those individuals at greater risk before training may provide an opportunity to not 
only decrease load and risk due to kinematic patterns, aerobic fitness, etc., but also to increase 
chronic load and provide a rest cycle prior to the start of training.  
 Finally, analysis should continue to use a temporal component as understanding when 
injuries are happening can help researchers and trainers improve the application of training load 
to optimize performance. Continually observing both in whom injuries are occurring and when 
injuries are occurring allows better capability to identify and mitigate risk.  
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Conclusion 
 
Our observations throughout this dissertation suggest that multivariable risk modeling 
using survival analysis is an effective means of identifying those cadets at greatest risk for 
sustaining musculoskeletal injury risk during cadet basic training.  Using carefully selected 
multiple variables including demographic, movement, and performance variables appears to 
produce the most precise models.  However, model precision is dependent upon individualized 
factors and care should be taken to understand how the presence of unmodifiable variables 
influences risk.   
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Acute Ankle and Foot Injuries ICD-9 ICD-10
Talar dome fracture 825.21 S92.1
Calcaneus fracture 825.00 S99.0
Cuboid subluxation/dislocation 838.10 S93.31
Toe sprain 845.10 S93.51
Great toe fracture 826.00 S92.4
Phalangeal fracture(difits 2-5) 826.00 S92.5
Phalangeal dislocation 838.90 S93.1
Sprain of interphalangeal joint 842.12, 845.1 S93.51
Ankle sprain (medial or lateral) 845.00, 845.02 S93.4
High ankle sprain (syndesmotic ankle sprain) 845.03 S93.43
Distal fibular fracture 824.2, 824.8 S82.6
Distal tibia fracture 824.8, 824.0 S82.3
Achilles tendon rupture 845.09 S86.02
Peroneal tendon subluxation/dislocation S86.39
Ankle dislocation 837.0, 837.1 S93.0
Tarsal (bone) dislocation, joint unspecified 838.01 S93.31
Midtarsal (joint) dislocation 838.02 S93.31
Tarsometatarsal (joint) dislocation 838.03 S93.32
Metarsophalangeal (joint) dislocation 838.05 S93.12
Interphalangeal (joint) dislocation, foot 838.06 S93.11
Sprain of foot 845.10 S93.5
Sprain of tarsometatarsal (joint) (ligament) 845.11 S93.62
Sprain of metatarsophalangeal (joint) 845.12 S93.52
Sprain of interphalangeal (joint), toe 845.13 S93.51
Sprain of  foot (unspecified) (other) 845.19 S93.60
Pain in foot and toes M.79.67
Chronic Ankle and Foot Injuries
Talar dome stress fracture 733.95, 825.21 S92.19
Tarsal tunnel syndrome 355.50 G57.5
Plantar fasciitis 726.73, 728.71 M72.2
Metatarsal stress fracture 733.94 M84.374, M84.375
Sesamoiditis 733.99 M25.80
Metarsalgia 726.70 M77.40
Morton’s neuroma 355.60 G57.60
Achilles tendonitis 726.71 M76.6, M79.61
Anterior tibialis tendonitis 726.72 M76.81
Posterior tibialis tendonitis 726.72 M76.82
Peroneal tendonitis 726.79 M76.7
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Acute Knee and Lower Leg Injuries
Gastrocnemius strain 845.09 S86.1
Fibular fracture 823.01, 823.21 S82.4
Tibia fracture 823.8, 823.0, 823.2 S82.2
Lower leg compartment syndrome (traumatic) 958.80 T79.A
MCL sprain 844.10 S83.41
LCL sprain 844.00 S83.42
ACL sprain 844.2, 717.83 S83.51
PCL sprain 844.2, 717.84 S83.52
Meniscal tear 836.2, 836.0 S83.2 
Patellar fracture 822.00 S82.0
Patellar subluxation/dislocation 836.3, 836.4 S83.0
Patellar tendon rupture 844.80 M66.85
Dislocation of knee 836.00 S83.1 
Sprain of other specified sites of knee and leg 844.80 S83.8
Sprain of unspecified site of knee and leg 844.90 S83.9 
Pain in thigh M79.65
Pain in lower leg M79.67
Chronic Knee and Lower Leg Injuries
Medial tibial stress syndrome 726.72 M76.89, T79.6
Chronic compartment syndrome 958.80 M79.A
Tibia stress fracture 733.16, 733.93 M84.361, M84.362
Fibular stress fracture 733.16, 733.93 M84.363, M84.364
Bursitis- infrapatellar, suprapatellar 726.9, 726.65 M70.4
Chondromalacia (patella) 717.70 M22.4
Patellofemoral pain 726.6, 719.9 M22.2
Iliotibial band friction syndrome 726.60 M76.3
Pes anserine tendonitis 726.61 M76.89
Patellar tendonitis 726.64 M76.5
Knee osteoarthritis M17.1
Pain in knee M25.56
Acute Hip, Thigh, and Pelvis Injuries
Quadriceps strain 843.90 S76.1
Hamstring strain 843.90 S76.3
Femur fracture (distal) 821.01, 821.20-821.23 S72.4
Femur fracture (proximal) 820.01, 820.8, 820.22, 821.33, 820.20 S72.0 
Femoral head dislocation/subluxation 835.0, 835.1, 835.2, 835.3 S73.0 
Hip joint sprain 843.00, 843.10 S73.1
Adductor strain 843.80 S76.2
Chronic Hip, Thigh, and Pelvis Injuries
Femoral stress fracture 733.14 M84.35 
Trochanteric bursitis 726.50 M70.6
Osteitis pubis 733.50 M85.3
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APPENDIX 2: BASELINE QUESTIONNAIRE (BLQ) 
 
 
Developing Lower Extremity Injury Prediction Models and 














COMPANY NAME: ______________________________________________________________ 
 
PLATOON NAME: _______________________________________________________________ 
 
SSN:  ________________________________________________________________________ 
 
 
This questionnaire is part of a research project about identifying people who are at higher risk 
for lower extremity injury and preventing these injuries.  
 
Your participation in this study is voluntary. Neither your military career nor your medical 
treatment will be affected should you choose not to fill out any or all of this questionnaire. No 
participants will be identified in any report or publication. All research records will be kept 
confidential. 
 
The study is being led by Dr. Kenneth Cameron, Department of Orthopedic Research, at Keller 
Army Community Hospital, in collaboration with Dr. Stephen W. Marshall, epidemiologist at the 
University of North Carolina at Chapel Hill, Dr. Darin Padua, sports medicine specialist at the 
University of North Carolina at Chapel Hill, and Dr. Lindsay Distefano, biomechanist at the 
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        Developing Lower Extremity Injury Prediction 
Models and Evaluating Targeted Injury Prevention 
Intervention Strategies 
 
PART 1 – Injury History 
1. Today’s date: 





The remaining questions refer to injuries or 
conditions that you have ever experienced. 
 
2. Have you ever had an injury to a 




3. Have you ever had an injury to the 
Anterior Cruciate Ligament (ACL)? 
a. No 
b. Yes  
 
4. If you answered YES to QUESTION 3, 
which knee(s) was/were injured?   






5. If you answered YES to QUESTION 3, 
when (what year) did the injury occur?   










j. 2010 or before 
 
6. If you answered YES to QUESTION 3, 
did this ACL injury (or injuries) require 
surgery?  






7. Have you ever had an injury to the 
Medial Collateral  
Ligament (MCL)?  
a. No 
b. Yes  
 
8. If you answered YES to QUESTION 7, 
which knee(s) was/were injured? 






9. If you answered YES to QUESTION 7, 
did this MCL injury (injuries) require 
surgery?  






10. Have you ever had an injury to the 
Lateral Collateral Ligament (LCL)? 
a. No 
b. Yes  
 
11. If you answered YES to QUESTION 10, 
which knee(s) was/were injured? 
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12. If you answered YES to QUESTION 10, 
did this LCL injury (or injuries) require 
surgery? 






13. Have you ever had an injury to the 




14. If you answered YES to Question 13, 
which knee(s) was/were injured? 






15. If you answered YES to QUESTION 13, 
did this PCL injury (or injuries) require 
surgery? 






16. Have you ever had an injury to the 




17. If you answered YES to QUESTION 16, 
which knee(s) was/were injured? 






18. If you answered YES to QUESTION 16, 
did this injury (or injuries) require 
surgery? 






19. Have you had knee surgery, within the 
past 10 years, other than that listed in 




20. If you answered YES to Question 19, 
which knee(s) was/were operated on? 
a. Not applicable (no history other 






21. Within the past six months, have you 
had episodes of severe pain in your 
knee(s)?   
Severe means pain that would make 
you stop what you were doing, or limit 




22. If you answered YES to QUESTION 21, 
which knee(s) was/were involved? 
a. Not applicable (no history of 
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23. If you answered YES to QUESTION 21, 
was/is it worse when you exercise? 
a. Not applicable (no history of 





24. If you answered YES to QUESTION 21, 
do you currently have this problem, or 
has it resolved? 
a. Not applicable (no history of 
severe knee pain in the past six 
months) 




25. Have you had a lower limb stress 




26. If you answered YES to QUESTION 25, 
which leg(s) was/were injured? 
a. Not applicable (no history of 
lower limb stress fracture in the 






27. Have you had some other lower limb 






28. If you answered YES to QUESTION 27, 
which leg(s) was/were injured? 
a. Not applicable (no history of 
other lower limb fracture in the 






29. Have you had patellofemoral pain 
(severe knee pain or runner’s knee) 




30. If you answered YES to QUESTION 29, 
which knee(s) was/were involved? 
a. Not applicable (no history of 






31. If you answered YES to QUESTION 29, 
does it currently interfere with physical 
activity?  
a. Not applicable (no history of 






32.  Have you had swelling, clicking or 
popping, or a feeling of the knee giving 




33. If you answered YES to QUESTION 32, 
which knee(s) was/were involved? 
a. Not applicable (no history 
swelling, clicking, popping, or 
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34. If you answered YES to QUESTION 32, 
does it currently interfere with physical 
activity? 
a. Not applicable (no history 
swelling, clicking, popping, or 






35. In the past six months, have you had an 




36. If you answered YES to QUESTION 35, 
which hip(s) was/were injured? 
a. Not applicable (no history of hip 





37. If you answered YES to QUESTION 35, 
does it currently interfere with physical 
activity? 
a. Not applicable (no history of hip 





38. In the past six months, have you had an 




39. If you answered YES to QUESTION 38, 
which ankle(s) was/were injured? 
a. Not applicable (no history of 








40. If you answered YES to QUESTION 38, 
does it currently interfere with physical 
activity?    
a. Not applicable (no history of 






41. In the past six months, have you had an 




42. If you answered YES to QUESTION 41, 
which foot(s) was/were involved? 
a. Not applicable (no history of 






43. If you answered YES to QUESTION 41, 
does it currently interfere with physical 
activity?    
a. Not applicable (no history of 






44. In the past six months, have you had 
any other lower leg injury other than 




45. If you answered YES to QUESTION 44, 
which lower leg(s) was/were injured? 
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a. Not applicable (no history of 
other lower leg injury in the 





46. If you answered YES to QUESTION 44, 
does it currently interfere with physical 
activity? 
a. Not applicable (no history of 
other lower leg injury in the 





47. In the past six months, have you been 
using a training program that involves 
repeated jumping? (Such programs are 
sometimes referred to as plyometric 




48. If you answered YES to QUESTION 47, 
how many months, out of the past six, 
have you been doing this program?    
a. Not applicable (have not 
completed a training program 
with repeated jumping in the 
past six months) 
b. 1 month 
c. 2 months 
d. 3 months 
e. 4 months 
f. 5 months 
g. 6 months 
 
 
49. In the past six months, have you been 
doing a training program designed to 




50. If you answered YES to QUESTION 49, 
how many months, out of the past six, 
have you been doing this program?    
a. Not applicable (have not 
completed a training program 
designed to reduce the risk of 
ACL injury in the past six 
months) 
b. 1 month 
c. 2 months 
d. 3 months 
e. 4 months 
f. 5 months 
g. 6 months 
 
51. If you answered YES to QUESTION 49, 
please name the program, or its 
developer:  
a. Not applicable (have not 
completed a training program 
designed to reduce the risk of 
ACL injury in the past six 
months) 
b. USMA or prep school 
c. My coach 
d. My athletic trainer 
e. Other 
 
52. If you answered YES to QUESTION 49, 
how often (days per week) did you do 
the program?   
a. Not applicable(have not 
completed a training program 
designed to reduce the risk of 
ACL injury in the past six 
months) 
b. 1 day 
c. 2 days 
d. 3 days 
e. 4 days 
f. 5 days 
g. 6 days 




Please Proceed to the 
Next Page to Complete 
Part 2 
PART 2 – Activity History  
Please indicate how often you performed 
each activity in your healthiest and most 
active state, in the past year (prior to R-
Day) 
53.  Running: running while playing a 
sport or jogging 
a. Less than one time in a  
month 
b. One time in a month 
c. One time in a week 
d. 2 or 3 times in a week 
e. 4 or more times in a week 
  
54. Cutting: changing directions while 
running 
a. Less than one time in a  
month 
b. One time in a month 
c. One time in a week 
d. 2 or 3 times in a week 
e. 4 or more times in a week 
 
55. Decelerating: coming to a quick 
stop while running 
a. Less than one time in a  
month 
b. One time in a month 
c. One time in a week 
d. 2 or 3 times in a week 
e. 4 or more times in a week 
 
56. Pivoting: turning your body with 
your foot planted while playing a 
sport. For example: skiing, skating, 
kicking, throwing, hitting a ball 
(golf, tennis, squash), etc. 
a. Less than one time in a  
month 
b. One time in a month 
c. One time in a week 
d. 2 or 3 times in a week 
e. 4 or more times in a week 
f.  
57. Do you consider yourself a “single-
sport” athlete or a “multi-sport” 
athlete? 
a. single-sport  
b. multi-sport  
 
58. Have you quit other sports to focus 
on one sport? 
a. No  
b. Yes 
 
59. Do you train more than 8 months 




60. Do you consider your primary sport 




61. What was your average weekly 











j. 41 or more
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H|M||T roi avg L|M|H leg angle avg L|M|H
00:40:30 3.45 172.67 09:50 162 162   8% |  70% |  22% |   0% |   0% |   0% 312 40 69 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
01:17:20 7.01 176.68 10:49 159 160   6% |  94% |   0% |   0% |   0% |   0% 345 37 60 100% |   0% |   0% 100% |   0% |   0%  61% |  39% |   0%
00:38:50 3.13 45.75 12:27 162 162   0% |  88% |  12% |   0% |   0% |   0% 326 32 60 100% |   0% |   0%  95% |   5% |   0% 100% |   0% |   0%
02:24:00 14.12 326.05 10:09 175 176   2% |   7% |  15% |  76% |   0% |   0% 298 36 71  89% |   6% |   5% 100% |   0% |   0% 100% |   0% |   0%
Steve 00:20:40 2.23 322.64 09:17 180 182   0% |   3% |   0% |  92% |   5% |   0% 262 38 78  81% |  19% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:09:40 0.76 325.02 09:15 181 182   0% |   0% |  17% |  62% |  21% |   0% 253 38 78 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:21:30 2.53 319.92 08:03 171 172   5% |   9% |  57% |  29% |   0% |   0% 225 46 78 100% |   0% |   0% 100% |   0% |   0%  70% |   0% |  30%
00:06:00 0.74 86.96 08:07 155 154  67% |  33% |   0% |   0% |   0% |   0% 295 50 71 100% |   0% |   0% 100% |   0% |   0%   0% |  33% |  67%
01:07:19 7.19 86.96 09:23 154 154  74% |  26% |   0% |   0% |   0% |   0% 331 44 62 100% |   0% |   0% 100% |   0% |   0%   0% |  93% |   7%
01:34:00 7 59.75 12:53 154 154  52% |  47% |   1% |   0% |   0% |   0% 374 32 50 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
01:26:00 8.33 131.39 10:14 153 154  81% |  19% |   0% |   0% |   0% |   0% 336 40 59 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:52:00 5.34 124.68 09:44 155 155  50% |  50% |   0% |   0% |   0% |   0% 327 42 62 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:32:00 2.75 38.85 10:51 154 154  81% |  19% |   0% |   0% |   0% |   0% 378 38 57 100% |   0% |   0% 100% |   0% |   0%   4% |  96% |   0%
01:00:00 6.09 95.09 09:51 169 170   0% |   3% |  97% |   0% |   0% |   0% 271 38 78 100% |   0% |   0%   2% |   7% |  92%   0% | 100% |   0%
00:31:00 2.96 91.62 10:28 173 174   0% |   3% |  65% |  32% |   0% |   0% 280 35 79 100% |   0% |   0%   0% |   3% |  97%   0% | 100% |   0%
00:46:00 8.55 108.06 05:22 168 167   0% |   7% |  87% |   7% |   0% |   0% 279 70 64  98% |   2% |   0%   0% |  89% |  11%  91% |   0% |   9%
00:34:20 5.42 124.7 05:25 166 168   7% |  19% |  74% |   0% |   0% |   0% 282 70 63 100% |   0% |   0%   0% |  59% |  41%  89% |   0% |  11%
00:29:00 3.11 153.28 09:19 169 170   3% |   3% |  93% |   0% |   0% |   0% 295 40 76 100% |   0% |   0%   0% |   0% | 100%   0% | 100% |   0%
00:52:00 5.51 153.28 09:27 169 170   0% |   4% |  96% |   0% |   0% |   0% 297 40 76  96% |   4% |   0%   0% |   0% | 100%   0% | 100% |   0%
00:54:00 5.5 153.28 09:51 170 170   0% |   0% | 100% |   0% |   0% |   0% 302 38 74   6% |  85% |   9%   2% |   0% |  98%   0% | 100% |   0%
01:33:00 7.12 62.13 12:50 158 160  12% |  88% |   0% |   0% |   0% |   0% 406 31 52  99% |   1% |   0%  81% |  19% |   0% 100% |   0% |   0%
00:51:30 3.99 57.69 12:55 157 158  12% |  88% |   0% |   0% |   0% |   0% 405 31 51 100% |   0% |   0%  98% |   2% |   0% 100% |   0% |   0%
00:45:00 3.48 53.99 12:50 157 158  12% |  88% |   0% |   0% |   0% |   0% 402 31 51 100% |   0% |   0%  98% |   2% |   0% 100% |   0% |   0%
00:55:00 5.24 81.53 09:11 168 170   7% |  19% |  72% |   1% |   0% |   1% 274 41 75   0% |  17% |  83% 100% |   0% |   0%   7% |  83% |  10%
01:18:50 8.54 81.53 09:15 166 168   8% |  16% |  76% |   0% |   0% |   0% 271 41 73   0% |  10% |  90% 100% |   0% |   0%   3% |  97% |   0%
00:34:50 3.3 72.09 10:36 159 162  31% |  66% |   3% |   0% |   0% |   0% 307 38 57 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:49:40 4.25 49.53 11:39 165 166  10% |  26% |  57% |   6% |   0% |   0% 330 33 67  97% |   3% |   0% 100% |   0% |   0%  36% |  64% |   0%
00:14:20 1.17 54.26 12:02 166 168  12% |  29% |  59% |   0% |   0% |   0% 337 32 65  85% |  15% |   0% 100% |   0% |   0%  41% |  59% |   0%
01:13:10 6.13 42.73 11:43 166 166   4% |  27% |  67% |   1% |   0% |   0% 321 33 67  97% |   3% |   0% 100% |   0% |   0%  28% |  72% |   0%
01:15:50 8.71 410.98 08:46 172 176  10% |   7% |  19% |  63% |   0% |   0% 250 42 75  48% |  42% |  10% 100% |   0% |   0%  84% |  16% |   0%
01:36:10 9.49 410.98 09:55 175 178   5% |  11% |  12% |  72% |   0% |   0% 271 37 74   3% |  30% |  67% 100% |   0% |   0%  94% |   6% |   0%
01:15:30 8.04 410.98 09:27 176 180   7% |   6% |   9% |  76% |   1% |   0% 263 38 76   4% |   9% |  88% 100% |   0% |   0%  71% |  29% |   0%
02:24:00 15 410.98 09:36 175 178   4% |  10% |  20% |  65% |   2% |   0% 266 38 74   3% |  68% |  29% 100% |   0% |   0%  86% |  14% |   0%
01:13:20 5.65 112.8 12:39 154 156  42% |  58% |   0% |   0% |   0% |   0% 422 33 47  92% |   8% |   0% 100% |   0% |   0% 100% |   0% |   0%
01:05:00 6.2 99.7 10:29 167 168   3% |   3% |  94% |   0% |   0% |   0% 327 36 71  42% |  58% |   0% 100% |   0% |   0%   2% |  98% |   0%
00:27:40 4.27 270.6 06:28 151 150  96% |   4% |   0% |   0% |   0% |   0% 244 65 70 100% |   0% |   0%  28% |  72% |   0%   0% |  10% |  90%
00:30:00 4.34 270.6 06:55 149 148 100% |   0% |   0% |   0% |   0% |   0% 254 62 65 100% |   0% |   0%  70% |  27% |   3%   0% |  37% |  63%
00:27:00 4.2 262.29 06:26 153 154  85% |  15% |   0% |   0% |   0% |   0% 230 64 72 100% |   0% |   0%  19% |  70% |  11%   0% |  26% |  74%
01:29:40 14.1 270.6 06:21 157 158  14% |  86% |   0% |   0% |   0% |   0% 238 64 77 100% |   0% |   0%   6% |  30% |  64%   0% |   0% | 100%
00:25:40 4.2 262.29 06:06 156 156  27% |  73% |   0% |   0% |   0% |   0% 230 67 76 100% |   0% |   0%   0% |  65% |  35%   0% |   0% | 100%
00:13:10 1.3 10:13 170 172  14% |   0% |  59% |  27% |   0% |   0% 347 37 71 100% |   0% |   0%  22% |  71% |   8%   8% |  92% |   0%
01:13:00 6.61 141.79 10:24 157 158  36% |  38% |  26% |   0% |   0% |   0% 370 39 59 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:41:50 3.97 134.14 10:19 157 156  38% |  59% |   3% |   0% |   0% |   0% 372 39 58 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:19:30 2.23 15.5 08:45 164 164   4% |  65% |  26% |   5% |   0% |   0% 347 44 69 100% |   0% |   0%  15% |  85% |   0%   0% | 100% |   0%
00:27:40 3.1 138.68 08:55 166 168   4% |  10% |  87% |   0% |   0% |   0% 302 43 72 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:39:50 4.04 90.43 09:52 158 158   8% |  92% |   0% |   0% |   0% |   0% 289 41 66 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:20:00 2.01 94.87 09:54 155 158  21% |  79% |   0% |   0% |   0% |   0% 300 42 62 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:43:00 4.03 138.93 10:38 166 166   4% |  26% |  67% |   2% |   0% |   0% 316 36 64 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
01:16:50 7.45 83.83 10:10 166 166   8% |  19% |  72% |   1% |   0% |   0% 317 38 62  97% |   3% |   0% 100% |   0% |   0% 100% |   0% |   0%
02:21:10 13.2 91.52 10:36 166 166   7% |  11% |  82% |   0% |   0% |   0% 326 36 62 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:42:50 4 143.07 10:44 163 164   9% |  56% |  33% |   2% |   0% |   0% 322 36 61  95% |   5% |   0% 100% |   0% |   0% 100% |   0% |   0%
01:12:40 6.69 70.06 10:49 166 166   2% |  18% |  80% |   0% |   0% |   0% 295 35 67 100% |   0% |   0%  32% |  68% |   0%  89% |   0% |  11%
00:50:50 4.77 64.97 10:42 165 164   2% |  61% |  37% |   0% |   0% |   0% 300 36 64  90% |  10% |   0%  55% |  45% |   0%  98% |   0% |   2%
00:40:20 3.76 39.59 10:33 170 170   3% |   3% |  95% |   0% |   0% |   0% 291 35 74 100% |   0% |   0%  90% |  10% |   0%  67% |   0% |  33%
00:46:40 5 74.85 09:20 188 188   1% |   0% |   0% |   6% |  88% |   4% 267 36 77 100% |   0% |   0%   0% |  76% |  24% 100% |   0% |   0%
01:09:20 6.4 82.32 10:22 186 190   3% |   2% |   3% |  10% |  82% |   0% 282 33 73 100% |   0% |   0%   8% |  90% |   2% 100% |   0% |   0%
00:23:00 2.44 79.76 09:28 187 188   0% |   4% |   0% |   9% |  83% |   4% 255 36 78 100% |   0% |   0%   0% |  35% |  65%  96% |   0% |   4%
00:19:50 2.58 209.11 07:42 167 168   9% |   0% |  91% |   0% |   0% |   0% 223 49 79 100% |   0% |   0%  95% |   5% |   0%   0% | 100% |   0%
00:24:00 2.83 209.11 08:29 169 170   0% |   4% |  96% |   0% |   0% |   0% 241 44 78 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:44:40 4.96 50.26 09:00 173 174   0% |   2% |  82% |  16% |   0% |   0% 297 41 78 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:55:00 5 151.02 09:55 167 168  11% |  16% |  71% |   1% |   0% |   0% 295 39 67 100% |   0% |   0%  80% |  20% |   0%  86% |   0% |  14%
00:45:30 4.67 76.02 09:45 170 170   2% |   2% |  96% |   0% |   0% |   0% 283 38 70 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
01:09:30 7.22 88.4 09:36 169 172   7% |   8% |  85% |   0% |   0% |   0% 289 39 67 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:29:00 2.85 80.7 10:12 168 168   0% |  10% |  90% |   0% |   0% |   0% 291 37 68 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:45:00 4.64 80.7 09:42 171 170   0% |   2% |  98% |   0% |   0% |   0% 281 38 71 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:46:50 4.75 131.66 09:54 168 170   6% |   2% |  92% |   0% |   0% |   0% 342 38 64 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:50:30 4.4 131.66 10:03 169 172   5% |   3% |  89% |   3% |   0% |   0% 345 38 62 100% |   0% |   0%  95% |   5% |   0% 100% |   0% |   0%
00:20:30 2.15 326.75 08:19 163 166  27% |   7% |  52% |  14% |   0% |   0% 273 47 76  86% |   7% |   7%  80% |  20% |   0%  14% |   0% |  86%
00:35:00 3.15 10:46 164 166  15% |  35% |  47% |   3% |   0% |   0% 334 36 60 100% |   0% |   0%  88% |  12% |   0% 100% |   0% |   0%
02:06:00 14.34 172.44 08:49 170 170   2% |   2% |  86% |  11% |   0% |   0% 266 42 82 100% |   0% |   0%   1% |   9% |  90%   3% |   0% |  97%
00:21:00 2 65.52 10:30 160 160   0% | 100% |   0% |   0% |   0% |   0% 318 38 58 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:34:00 3 65.52 11:22 156 156  41% |  59% |   0% |   0% |   0% |   0% 338 36 53 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:15:40 1.91 164.53 08:27 167 170  20% |   0% |  59% |  21% |   0% |   0% 252 46 76 100% |   0% |   0%  90% |  10% |   0%  13% |  72% |  15%
00:21:50 2.18 164.53 08:05 169 170   8% |   8% |  62% |  23% |   0% |   0% 240 47 81 100% |   0% |   0%  85% |  15% |   0%   8% |  77% |  15%
01:19:00 7.38 334.8 10:33 166 166   7% |  17% |  76% |   0% |   0% |   0% 324 36 68 100% |   0% |   0% 100% |   0% |   0%   0% | 100% |   0%
00:36:50 3.54 15.16 10:26 172 174   3% |   6% |  66% |  24% |   0% |   0% 301 35 75  31% |  14% |  54% 100% |   0% |   0%   2% |  98% |   0%
01:58:40 11.65 362.92 09:45 168 170   7% |   6% |  87% |   1% |   0% |   0% 310 39 73 100% |   0% |   0%  94% |   6% |   0%   2% |  96% |   2%
00:53:40 5.48 29.35 09:49 182 184   2% |   0% |   3% |  63% |  32% |   0% 257 36 78 100% |   0% |   0% 100% |   0% |   0% 100% |   0% |   0%
00:55:40 6.24 252.72 08:56 184 184   0% |   1% |   0% |  56% |  43% |   0% 246 38 85 100% |   0% |   0% 100% |   0% |   0%  62% |   0% |  38%
00:49:20 5.36 252.72 09:05 183 184   2% |   2% |   2% |  52% |  42% |   0% 255 38 81  83% |  17% |   0% 100% |   0% |   0%  77% |   0% |  23%
00:49:40 4.82 164.48 10:20 165 166   5% |  24% |  70% |   0% |   0% |   0% 274 37 74 100% |   0% |   0%  32% |  68% |   0%   0% | 100% |   0%
01:33:00 12.03 36 07:45 165 164   1% |  49% |  49% |   0% |   0% |   0% 230 50 77  99% |   1% |   0%  44% |  54% |   2%   0% | 100% |   0%
00:39:50 3.97 154.62 10:01 161 162   2% |  95% |   3% |   0% |   0% |   0% 278 39 62   0% |   0% | 100% 100% |   0% |   0% 100% |   0% |   0%
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0 1.000 0.000 0.000 0 457 
0 0.998 0.002 0.002 1 456 
2 . . . 2 455 
2 . . . 3 454 
2 0.991 0.009 0.004 4 453 
4 . . . 5 452 
4 0.987 0.013 0.005 6 451 
5 0.985 0.015 0.006 7 450 
6 . . . 8 449 
6 0.980 0.020 0.007 9 448 
7 . . . 10 447 
7 . . . 11 446 
7 . . . 12 445 
7 . . . 13 444 
7 . . . 14 443 
7 . . . 15 442 
7 0.965 0.035 0.009 16 441 
8 . . . 17 440 
8 0.961 0.039 0.009 18 439 
9 . . . 19 438 
9 . . . 20 437 
9 . . . 21 436 
9 0.952 0.048 0.010 22 435 
10 . . . 23 434 
10 . . . 24 433 
10 0.945 0.055 0.011 25 432 
11 0.943 0.057 0.011 26 431 
12 0.941 0.059 0.011 27 430 
13 . . . 28 429 
13 0.937 0.064 0.011 29 428 
14 0.934 0.066 0.012 30 427 
15 . . . 31 426 
15 0.930 0.070 0.012 32 425 
17 0.928 0.072 0.012 33 424 
18 . . . 34 423 
18 . . . 35 422 
18 0.921 0.079 0.013 36 421 
19 . . . 37 420 
19 0.917 0.083 0.013 38 419 
20 0.915 0.085 0.013 39 418 
21 0.913 0.088 0.013 40 417 
23 0.910 0.090 0.013 41 416 
27 0.908 0.092 0.014 42 415 
28 0.906 0.094 0.014 43 414 
30 . . . 44 413 
30 . . . 45 412 
30 . . . 46 411 
30 . . . 47 410 
30 0.895 0.105 0.014 48 409 
35 0.893 0.107 0.015 49 408 
40 0.891 0.109 0.015 50 407 
42 0.888 0.112 0.015 51 406 
49 . . . 52 405 
49 0.884 0.116 0.015 53 404 
51 . . . 54 403 
51 0.880 0.120 0.015 55 402 

























0 1.000 0.000 0.000 0 138 
1 0.993 0.007 0.007 1 137 
2 0.986 0.015 0.010 2 136 
4 . . . 3 135 
4 0.971 0.029 0.014 4 134 
6 0.964 0.036 0.016 5 133 
7 . . . 6 132 
7 . . . 7 131 
7 0.942 0.058 0.020 8 130 
8 . . . 9 129 
8 0.928 0.073 0.022 10 128 
13 0.920 0.080 0.023 11 127 
14 . . . 12 126 
14 . . . 13 125 
14 . . . 14 124 
14 0.891 0.109 0.027 15 123 
15 . . . 16 122 
15 . . . 17 121 
15 0.870 0.130 0.029 18 120 
16 0.862 0.138 0.029 19 119 
17 0.855 0.145 0.030 20 118 
18 . . . 21 117 
18 0.841 0.159 0.031 22 116 
19 0.833 0.167 0.032 23 115 
21 0.826 0.174 0.032 24 114 
22 0.819 0.181 0.033 25 113 
23 0.812 0.188 0.033 26 112 
24 0.804 0.196 0.034 27 111 
27 . . . 28 110 
27 . . . 29 109 
27 0.783 0.217 0.035 30 108 
28 . . . 31 107 
28 0.768 0.232 0.036 32 106 
29 0.761 0.239 0.036 33 105 
30 0.754 0.246 0.037 34 104 
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0 1 0 0 0 178 
1 0.9944 0.00562 0.0056 1 177 
2 0.9888 0.0112 0.0079 2 176 
4 0.9831 0.0169 0.00965 3 175 
6 0.9775 0.0225 0.0111 4 174 
7 . . . 5 173 
7 . . . 6 172 
7 . . . 7 171 
7 0.9551 0.0449 0.0155 8 170 
8 . . . 9 169 
8 0.9438 0.0562 0.0173 10 168 
9 0.9382 0.0618 0.018 11 167 
14 . . . 12 166 
14 0.927 0.073 0.0195 13 165 
15 . . . 14 164 
15 . . . 15 163 
15 0.9101 0.0899 0.0214 16 162 
17 0.9045 0.0955 0.022 17 161 
18 . . . 18 160 
18 . . . 19 159 
18 0.8876 0.1124 0.0237 20 158 
19 . . . 21 157 
19 0.8764 0.1236 0.0247 22 156 
21 0.8708 0.1292 0.0251 23 155 
23 0.8652 0.1348 0.0256 24 154 
27 . . . 25 153 
27 . . . 26 152 
27 0.8483 0.1517 0.0269 27 151 
28 0.8427 0.1573 0.0273 28 150 
30 . . . 29 149 
30 . . . 30 148 
30 0.8258 0.1742 0.0284 31 147 
31 0.8202 0.1798 0.0288 32 146 
37 0.8146 0.1854 0.0291 33 145 
38 0.809 0.191 0.0295 34 144 
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0 1 0 0 0 417 
0 0.9976 0.0024 0.0024 1 416 
2 . . . 2 415 
2 . . . 3 414 
2 0.9904 0.00959 0.00477 4 413 
4 . . . 5 412 
4 . . . 6 411 
4 0.9832 0.0168 0.00629 7 410 
5 0.9808 0.0192 0.00672 8 409 
6 . . . 9 408 
6 0.976 0.024 0.00749 10 407 
7 . . . 11 406 
7 . . . 12 405 
7 . . . 13 404 
7 . . . 14 403 
7 . . . 15 402 
7 0.9616 0.0384 0.00941 16 401 
8 . . . 17 400 
8 0.9568 0.0432 0.00995 18 399 
9 . . . 19 398 
9 . . . 20 397 
9 0.9496 0.0504 0.0107 21 396 
10 . . . 22 395 
10 . . . 23 394 
10 0.9424 0.0576 0.0114 24 393 
11 0.94 0.06 0.0116 25 392 
12 0.9376 0.0624 0.0118 26 391 
13 . . . 27 390 
13 . . . 28 389 
13 0.9305 0.0695 0.0125 29 388 
14 . . . 30 387 
14 . . . 31 386 
14 0.9233 0.0767 0.013 32 385 
15 . . . 33 384 
15 0.9185 0.0815 0.0134 34 383 
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0 1 0 0 0 21 
4 0.9524 0.0476 0.0465 1 20 
21 . . . 2 19 
21 0.8571 0.1429 0.0764 3 18 
22 0.8095 0.1905 0.0857 4 17 
23 0.7619 0.2381 0.0929 5 16 


























0 1 0 0 0 555 
0 0.9982 0.0018 0.0018 1 554 
1 0.9964 0.0036 0.00254 2 553 
2 . . . 3 552 
2 . . . 4 551 
2 0.991 0.00901 0.00401 5 550 
4 . . . 6 549 
4 . . . 7 548 
4 0.9856 0.0144 0.00506 8 547 
5 0.9838 0.0162 0.00536 9 546 
6 . . . 10 545 
6 . . . 11 544 
6 0.9784 0.0216 0.00617 12 543 
7 . . . 13 542 
7 . . . 14 541 
7 . . . 15 540 
7 . . . 16 539 
7 . . . 17 538 
7 . . . 18 537 
7 . . . 19 536 
7 . . . 20 535 
7 . . . 21 534 
7 0.9604 0.0396 0.00828 22 533 
8 . . . 23 532 
8 . . . 24 531 
8 . . . 25 530 
8 0.9532 0.0468 0.00897 26 529 
9 . . . 27 528 
9 . . . 28 527 
9 . . . 29 526 
9 0.9459 0.0541 0.0096 30 525 
10 . . . 31 524 
10 . . . 32 523 
10 0.9405 0.0595 0.01 33 522 
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0 1 0 0 0 19 
2 0.9474 0.0526 0.0512 1 18 
14 0.8947 0.1053 0.0704 2 17 




APPENDIX 5: DEFINITIONS OF CADET BASIC TRAINING EVENTS 
 
APFT – Army Physical Fitness Test: This test consists of 2 minutes of push-ups followed by 2 
minutes of sit ups followed by a 2-mile run 
 
Ruck – Short for ruck marching, these are events where a cadet wears a tactical uniform, gear, 
and a ruck sack, which is much like a large back pack.  Normal weight for gear is at least 35 
pounds. 
 
Warrior Competition – a multiple task event that simulates combat related tasks (i.e. carrying 
another cadet on a stretcher) and requires small group problem solving along with the physical 
tasks 
 
CBT Complete – Cadet basic training is complete.  This is the day where cadets are accepted into 
the larger Corps of Cadets and begin the transition to their academic studies. 
 
First Long Weekend – This is typically Labor Day Weekend where cadets have no academic 
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